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Abstract 
 
Enhanced light-matter interactions at the nanometer scale have many potential 
applications, such as thin film sensing, enhanced Raman scattering, enhanced infrared 
absorption, particle manipulation, among others. Metal – insulator – metal nanogap 
structure is one of the most effective plasmonic devices for such applications since they 
are capable of generating the strongest light field enhancement inside the nanogap. 
However, current techniques to make such nanogap structures are either very expensive, 
slow, or lacking of control over nanogap size, pattern shape, and position. In this thesis, 
two wafer-scale fabrication methods are presented to address the challenges in 
fabrication. The fabricated devices are then used to demonstrate the above-mentioned 
applications.  
Atomic layer deposition is used in both methods to define the width of nanogap with 
angstrom resolution. The length, position, and shape of the nanogaps are precisely 
controlled in wafer scale by photolithography and metal deposition. A simple tape 
peeling and a template stripping process are used to expose the nanogaps. Nanogap 
devices with different designs are proved to support strong optical resonances in visible, 
 v 
near infrared, mid infrared, and terahertz-frequency regimes. By squeezing 
electromagnetic waves into nanometer wide gaps, huge field enhancement can be 
achieved inside the gaps. These novel fabrication methods can easily be duplicated and 
thus lead to broad studies and applications of the enhanced light-matter interactions. 
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CHAPTER 1  
1. Introduction 
1.1 Introduction and motivation 
Light, as a part of electromagnetic waves, interacts with materials and thus reveals 
information of the world around us. The strength of the light-matter interactions depends 
on the relative energy of the light and the matter, intensity of the light field, and the 
alignment between the momentum of the light and the matter. The interactions between 
light and nano sized materials, such as molecules, are usually very weak due to the 
mismatch between the wavelength of the light and the size of nano materials. There are 
many methods to enhance light-matter interactions, for example, increasing the 
interaction volume, increasing the intensity of light, and matching the light frequency 
with the frequency of the oscillations of the matter. Enhanced interactions have been 
demonstrated for many applications, such as surface enhanced spectroscopy1, 2, high-
resolution imaging3 , photovoltaics4, integrated optical circuits5, optical trapping6, light 
emission7, data storage8, 9, and biosensing10, etc. 
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One method to enhance light matter-interaction is to confine light into a small volume 
to increase the intensity of the light field locally. With normal optical lens, light in free 
space can be focused into a spot of a radius about half of the wavelength, which is known 
as the diffraction limit. Deep-subwavelength confinement of optical energy has been 
demonstrated using nano-sized metal particles11-16, holes17-19, slits19-21, gaps22-24, and 
tips25, etc. The greatest degree of confinement is obtained within a nanometer-scale gap 
between two metals15,16, 26.  
Existing methods, such as aggregates of noble-metal nanoparticles15,16, 26, 
electromigration27, electron-beam (e-beam) lithography28, or scanning probes29, are 
capable of fabricating nanometer-scale gaps in metal film. However, none of these 
methods can fabricate angstrom-scale devices, control the geometries precisely, and at 
the same time guarantee wafer size area uniformity. Furthermore, these methods are 
primarily used to make point-like junctions. The amount of light that can be coupled from 
free space into the point-like junctions is limited, due to the size mismatch between the 
optical wavelength and size of the junction. On the other hand, transmission 
measurements on these point-like junctions are impractical, because of the large 
background of light that passes by next to the junction. These challenges become even 
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greater at longer wavelengths. In particular, squeezing millimeter waves (THz waves) 
into one-nanometer scale gaps would lead to extremely high field enhancements, but 
exploiting resonances at THz frequencies will require the nanogap to be extended over 
millimeter length scales.  
Therefore, the motivation of the work is to develop a lower cost, higher throughput, 
larger area, and simpler fabrication method to fabrication nanogap structures, which can 
help to achieve real applications of enhanced light-matter interactions in plasmonic 
nanogap structures.   
1.2 Scope of this thesis 
The scope of this thesis includes the development of new fabrication methods to create 
nanogaps and exploring the applications of the nanogaps for enhanced light-matter 
interactions. First, I will discuss my new method to fabricate vertical nanogap structures 
at the wafer scale. The nanogaps are then characterized optically and electrically, and 
then being used as a platform for thin film sensing. Also introduced are the modifications 
of the methods and pattern designs to make different types of nanogaps, such as buried 
nanogaps and planar nanogaps, for various studies and applications, including enhanced 
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absorption, nonlinear optical effects, molecule sensing, small particles manipulation and 
light emission. Finally, some future directions are discussed.  
This thesis is organized into the following chapters, each outlining a significant 
portion of the original research performed throughout my Ph.D. study. 
• Chapter 2 presents theoretical background as a basis for following chapters, including 
solving Maxwell equations with Drude model for surface plasmon. Plasmons in 
nanogap structures are introduced. And light-matter interactions at the nanometer 
scale are also discussed.  
• Chapter 3 introduces our solutions to make three different forms of ultra thin 
nanogaps with simple and high-throughput fabrication methods. Previous efforts for 
making nanogap structures are also briefly discussed. The electron microscopy 
characterization of the nanogap structures is presented.  
• Chapter 4 discusses the optical characterization of the nanogap structures in the 
visible, near infrared, mid infrared and THz regimes.  
• Chapter 5 introduces the applications of buried nanogap arrays for surface enhanced 
infrared absorption and surface enhanced Raman scattering. Nanogap-enhanced thin 
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film sensing using THz waves and enhanced nonlinear optical effects are briefly 
introduced. 
• Chapter 6 presents the fabrication methods for electrically addressable nanogap chips 
and the application in tunneling-induced light emission.  
• Chapter 7 is a summary of the work preformed for my Ph.D. study. Also included is a 
discussion of future directions. 
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CHAPTER 2 
2. Theory and Background 
This chapter provides the theoretical support for the following chapters. First, 
fundamental theories of surface plasmon resonance and gap plasmon resonance are 
described. Additionally, the theoretical backgrounds for surface enhanced Raman 
scattering and surface enhanced infrared absorption are introduced.  
2.1 Optical properties of materials  
2.1.1 Drude model 
Maxwell’s equations describe electromagnetic fields and how they evolve over time. The 
equations provide a fundamental understanding of light and light-matter interactions, and 
take the following forms:   
                                         ∇ ∙ D = ρ                                (2.1) 
                                   ∇ ∙ B = 0                                     (2.2) 
                                   ∇×E = − !!!!                         (2.3) 
                                         ∇×H = J+ !!!!                          (2.4) 
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Here, E (Volts per meter) and H (Amperes per Meter) are electric and magnetic fields. D 
(Coulombs per square meter) and B (Tesla) are materials related electric flux density and 
the magnetic flux density, respectively, and are defined as:                                     
                                                               ε = ε!ε!                                          (2.5)                     
                                                               µμ = µμ!µμ!                                         (2.6)              
                                                              D = εE                                             (2.7)            
                                                              B = µμH                                             (2.8) 
here ϵ! and µμ! are the electric permittivity and the magnetic permeability of free space.  
ϵ! and µμ! are the relative permittivity and permeability of materials. In this thesis, only 
the case where µμ! = 1 is considered. 
With an applied electric field, the electric flux density can also be written as:  
                              D = ε!ε!E = ε! 1+ εχ! E = ε!E+ P                    (2.9) 
χ! is the dielectric susceptibility. P is defined as the macroscopic polarization:  
                                                 P = ϵ!χ!𝐄.                                                    (2.10) 
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Light, as electromagnetic waves, can be written as a time-varying electric field 
𝐸(t) = E!e!!!!. Here,  𝜔 is the angular frequency of light, and k = ω/c, is the 
wavevector of light propagating at a speed of c in vacuum. H(t) is defined in the same 
way. Solving the equations 2.1 to 2.4, one solution for light electric field can be:  
                                                         𝐄 x, t = E!e!"∙!!!!!                            (2.11) 
The optical properties of metals can be described as free electrons gas that oscillate in 
response to an applied electromagnetic field, i.e. the incident light. The position of free-
electrons x (t) under the external electric field E can be described as:                                                                                        
                                                 m x+ γx+ω!!x = −e𝐄(x, t)                   (2.12) 
where m is the effective mass of each electron, γ is the viscous damping parameter, and 
ω! is the characteristic resonant frequency of bound electrons. For light as a time-varying 
electric field E!e!!!!, the solution of the above equation becomes:  
                                                       x t = !𝐄!(!!!!!!!!!")                        (2.13) 
Then the macroscopic polarization can be written as:                             
                                                       P = −ex = e2𝐄m(ω02−ω2−iγω)               (2.14) 
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If considering all the electrons in the materials, with N electrons per volume and Z 
electrons per molecule, and considering different binding frequencies for each electron, 
the macroscopic polarization becomes:   
                                                 P = !!!𝐄! !!(!!!!!!!!!!!)!                       (2.15)              
                           ε! ω = 1 + !!!𝐄 = 1 + !!!!!! !!(!!!!!!!!!!!)!         (2.16) 
This is the general form of the Lorentz model for a material with multiple resonances. 
Here, f! is the strength of each oscillator with a damping constant of γ! and a binging 
frequency of ω!. The total number of j is Z. If we do not consider the contributions from 
bound electrons, and assume all the electrons are the same, then the equation 2.16 turns to 
a simpler form:  
                                                  ε! ω = 1− !!!(!!!!!")                         (2.17) 
where ω!! = Ne!/ε!m. This is the form of the Drude model30, with ω!  being the bulk 
plasmon frequency of the metal, indicating all the free electrons are oscillating in phase at 
the plasma frequency. When 𝜔 changes from ω < ω! to ω > ω!, the material transits 
from metal behavior to dielectric behavior. We can see that the ε! ω  has both a real and 
an imaginary part (ε! ω = ε! ω + iε! ω ): 
                                                  ε! ω = 1− !!!!!!!!!!!                        (2.18)    
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                                                  ε! ω = !!!!!(!!!!!!)                           (2.19) 
where τ = 1/γ substitutes γ and it is defined as the average time between collisions of 
free electron gas.  
2.1.2 Surface plasmon polaritons and gap plasmons 
For a bulk metal, ω = ω! describes the collective oscillations of free electrons. For a slab 
metal, the plasmon changes to a surface plasmon (SPs) with ω = ω!/ 2. For a sphere 
metal particle with radius r ≪ wavelength of the excitation light, the plasmon is called 
localized surface plasmon resonance (LSPR), and ω = ω!/ 3. 
 
Figure 2.1 An illustration of surface plasmons (SPs).  A surface plasmon is collective 
oscillations of the free electrons at the interface of metal and dielectric. The wave vector 
of the oscillation decays exponentially away from the interface. The magnetic field of the 
surface plasmon only has a y component. Reprinted with permission from Nathan 
Lindquist, et.al.31 Copyright 2013, John Wiley and Sons. 
 11 
Assuming ω ≪ γ and ω < ω!, ε! ω  is a complex number. Then k is also complex. 
For k! = k!! + k!! + k!! = n!ω!/c! = 4π!n!/λ!, in the schematic shown in Figure 2.1, 
surface plasmon propagates in the x and y directions, with k! and k! being real and k! 
being complex. So the wave propagates in z direction has an evanescent component and 
decays exponentially into the metal and into dielectric.  
TE polarized light has no electric filed component in the direction of light 
propagation, so it cannot excite SPs at metal/dielectric interface. Usually, a TM polarized 
light with an electric component k! ≠ 0 is needed to excite SPs. By solving the boundary 
conditions at the interface of metal and dielectric, we get:  
                                                         k!,!/ε! = −k!,!/ε!                         (2.20)   
                                                         k!,! = k!,! = k!                               (2.21) 
It can be seen from (2.20) that SPs only exist when ε! and ε! are opposite signs. Nobel 
metals such as gold and silver satisfy this condition. In the metal and in the dielectric 
separately, we have:                                                                 
                                                      k!,!! + k!,!! = ε!(ω/c)!                      (2.22)              
                                                      k!,!! + k!,!! = ε!(ω/c)!                       (2.23)  
Solving the above two equations gives the dispersion relation of SPs: 
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                                                       k!"" = k! = !! !!!!!!!!!                  (2.24) 
In the case of two metal / dielectric interfaces, say a thin layer of dielectric is 
sandwiched between two metal films in the metal-insulator-metal nanogap structure as 
shown in Figure 2.2, the SPs at the two interfaces couple with each other. As the 
separation (the thickness of the dielectric layer, or the width of nanogap) of the two 
interfaces decreases, the two SPs waves couple with each other and split into two modes: 
the odd-field mode (in phase) and even-field mode (out of phase) as shown in Figure 2.2. 
Below a certain core thickness, the small gap between the two metal films will act as a 
gap plasmonic waveguide.  
 
Figure 2.2 Metal-insulator-metal plasmonic waveguides. The gap plasmons have an 
even and an odd mode with respect to the field distribution. As the core thickness 
approaches the field penetration depths into the dielectric, the plasmons on both metal-
dielectric interfaces will couple, forming a gap plasmon mode with a dispersion relation 
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that deviates significantly from a single-interface SPs. Reprinted with permission from 
Nathan Lindquist, et.al.31 Copyright 2013, John Wiley and Sons. 
The gap plasmons have dispersion relations that deviate significantly from the single 
interface SPs. The dispersion relationship of the even-field mode, which can be excited 
with linearly polarized plane wave illumination, is given as: 
                                                   tanh !! k! = − !!(!)!!!!(!)!!                 (2.25) 
here d is the dielectric layer thickness. 
 
Figure 2.3 Dispersion of gap plasmon for various nanogap sizes. 
From the above equation, it can be seen that the dispersion of the gap plasmon 
depends on the dielectric properties of the materials. Various metal and dielectric 
materials, which ε! and ε! are opposite signs, have been studied, for example, metals, 
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such as gold, silver, aluminum, copper, platinum etc., and dielectric, such as aluminum 
oxide (Al2O3, alumina), silicon dioxide, hafnium oxide, etc. In this thesis, I will focus on 
gold, silver, and alumina in nanogap structures. The dielectric functions of the metal and 
the dielectric layer decide the dispersion of nanogap plasmon. Using Eq. (2.25), the 
dispersion curves of the gap plasmon with silver and Al2O3 is plotted in Figure 2.3. 
It also can be seen that the dispersion of the nanogap plasmon depends on the width 
of the nanogap. The dispersion curves for nanogap plasmon vary with different nanogap 
widths. As the width of the nanogap decreases, the dispersion curves move toward far 
lower energy comparing to the free space light dispersion curve, which indicates tighter 
confinement of light and higher effective refractive index.  
2.2 Light-matter interactions at nano scale 
Electromagnetic (EM) waves and matter interact because the charges (electrons) in the 
matter are pushed and pulled by the oscillations of the electric field of the EM waves. EM 
waves and molecules interaction is the fundamental of the infrared and Raman 
spectroscopy. Both Raman and infrared spectroscopy reveal similar but complementary 
fingerprinting information of molecules. This section is based on the descriptions given 
in Barbara Stuart’s book32 and in Ricardo Aroca’s book33, where the process of light 
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interaction with a quantum molecule is described by a semi-classical theory of quantum 
transitions. A coupling operator between the quantum molecule and the electromagnetic 
field is used to describe the interaction and it is given by 
                             H = −p ∙ E                                  (2.26) 
here p is the dipole moment. Normally, the intensity of the interaction, such as infrared 
absorption and Raman scattering signals, are described by interaction cross-section. The 
interaction cross-section is defined as the entities of molecules contained in a unite 
volume of the medium along the light path. It can be calculated as an average absorption / 
scattering coefficient divided by the number of molecules in a unite volume of the 
medium. Both the infrared absorption and Raman scattering have very small interaction-
cross section. For example, the infrared absorption cross-section for CH4 and CH3CH3 are 
in the order of 10-21 /cm2 per molecule. Raman scattering cross-section is even smaller, 
usually in the order of 10-24 ~ 10-29/cm2 per molecule. 
2.2.1 Mid infrared absorption  
Molecular vibrations and some phonon-polaritons are located in the mid infrared (MIR) 
regime. Therefore infrared spectroscopy is widely used to investigate the vibrational 
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spectra of solid, liquid, and gas species. In MIR spectroscopy, light is usually 
characterized by the quantity of wavenumber:                                        
                                                    ν = !! = !!"                             (2.27) 
where λ, E, and c are the wavelength, energy, and the speed of the light, respectively.  
In infrared, the dipole moment p in equation (2.26) is 
 p = µμ = µμ! + (!!!!)!q+ !! (!!!!!!)!q! +⋯,  (2.28) 
where q is the displacement and µμ! is the equilibrium dipole moment of the molecules. 
Ignoring the second and higher order derivatives of the dipole moment, the infrared 
absorption intensity can be written as: 
                      A   ∝ !!!! ∙ 𝐄 ! =    !!!! ! 𝐄 !cos!θ         (2.29) 
where 
!!!! is the derivative of dipole moment describes the reactions of the chemical bond 
to the applied electric field. The E in equation 2.29 is the local electric field that excites 
the molecule, and θ is the angle between !!!! and E. Therefore the absorption 
enhancement is proportional to the square of local E field at the metal surface or near the 
nano structures.  
Due to the small interaction cross-section of light and nano sized molecule, the 
absorption of light by molecule vibrational bands is usually an extremely weak effect. 
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Researchers tried different schematics to enhance the interactions. Two mechanisms 
attribute to enhance infrared absorption of molecules at metal surface or near patterned 
nano structures if look at equation 2.28: the electromagnetic mechanism and the chemical 
mechanism. It has been demonstrated that the absorption of molecules on metal surfaces 
show 10-1000 times higher intensity than that from conventional measurements without 
metal34,35. This is the so-called surface enhanced infrared absorption (SEIRA). Besides 
using deposited metal islands as SEIRA substrate, different platforms for SEIRA have 
been developed: micro hole arrays fabricated using photolithography36, nano antenna 
arrays fabricated with e-beam lithography37, and nano rod dimers with a nanometer sized 
gap38, etc.  
2.2.2 Raman scattering  
When light is scattered by molecules, the scattered light might have the same energy, or 
lower energy, or higher energy comparing to the energy of the incident light. The later 
two situations are called inelastically scattering. C. V. Raman and K.S. Krishnan first 
reported the inelastically scattering of light in 1928 39. In inelastic collisions between the 
incident photons and the molecules, light waves gain or loose energy by interacting with 
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vibrational and rotational motions of molecules. The optical scattering is now called 
Raman scattering named after Sir C. V. Raman.  
The quantum mechanical model of Raman scattering is shown in Figure 2.4. 
Depending on the relative energy of the scattered light and the initial incident light, 
Raman scattering is categorized as stoke and anti-stoke Raman scattering. When an 
incident photon with energy ℏω! is scattered by a molecule, the molecule absorbs a part 
of energy ℏω! from the photon, so the scattered photon has a lower energy of ℏ  (ω! −
ω!). This process is called Stocks scattering. If the molecule emits a part of energy ℏω! 
to the incident photon, then the scattered photon has a higher energy of ℏ  (ω! +ω!). 
This process is called Anti-Stocks scattering. Usually, the possibility of the Stocks 
scattering is 107 times higher than that of the Anti-Stocks scattering. The energy ℏω!  is 
determined by the energy of vibrational and rotational motion of the chemical bond of the 
molecule.  
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Figure 2.4 Quantum mechanical model of Raman scattering.  
Typical Raman scattering peaks are known to be very sharp and unique lines that 
enable analysis of different chemical bonds. So Raman scattering also reveals 
“fingerprint” information of the molecule and is a very widely used tool to differentiate 
and study the chemical structures of molecules. For Raman scattering, the coupling factor 
of the light and matter is also described by equation (2.26), where p is the induced dipole 
moment and becomes: 
  p = α  E = α! + (!!!!)!qE+ !! (!!!!!!)!q!E! +⋯.     (2.27) 
here, α is the polarizability. Its first derivative α! = (!!!!)! is responsible for the 
observation of Raman scattering signal. Similarly, by ignoring the second and other 
higher order derivatives, Raman intensity is proportional to |α!E   ∙ E|!. It can be seen that 
the Raman scattering intensity is the forth order of the local electric field and it is also 
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related to the chemical property of the molecule. Due to the typical ultra small interaction 
cross-section (10-29-10-31 / cm2 per molecule) of Raman scattering, enhanced local electric 
field from surface plasmon is normally used to enhance the interactions, which is known 
as surface enhanced Raman scattering (SERS). Plasmonic nano substrates, such as metal 
nano islands, nano tip, and nano antennas, are widely used as SERS substrates, even for 
single molecule detection. The SERS was first clarified by Van Duyne and Creighton 
independently in 1977 40,41, and the enhancement is attributed to both the electromagnetic 
and chemical mechanisms, similar to those for surface enhanced infrared absorption as 
discussed above.  
2.2.3 Measurement setups for infrared absorption and Raman scattering 
Fourier transform infrared (FTIR) spectroscopy is a technique to obtain infrared spectra 
of absorption, reflection, and transmission of analyte. An FTIR spectrometer 
simultaneously collects spectral data in a wide wavelength range. This is a significant 
advantage over a dispersive spectrometer, which only measures intensity over a narrow 
range of wavelength.  
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Figure 2.5 Schematic of a Fourier transform infrared spectrometer. Radiation from 
an IR source is guided to a beam splitter in the interferometer. After reflection from a 
fixed mirror and a translating mirror, both portions of the radiation interfere and a 
detector then detects the transmitted interferogram. A Fourier transformation of the 
interferogram gives an IR spectrum.  
The simplest FTIR spectrometer utilizing a Michelson interferometer is shown in the 
above Figure 2.5 with a fixed mirror and a movable mirror. The movable mirror provides 
a difference between the optical paths of the two beams. For the path difference being 
n+ !! λ or nλ (n=0,1,2…), the transmitted beam and the reflected beam interfere 
destructively or constructively. With a polychromatic IR source, the interference pattern 
contains all the spectral information. The intensity signal in the time domain recorded by 
the detector can be transformed to an IR spectrum in the frequency domain by a 
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mathematical method called Fourier transformation. To obtain an FTIR spectrum from 
certain samples, it is necessary to produce an interference pattern without and with a 
sample in the beam path. Each of the spectra is transformed into a spectrum of (a) the IR 
spectrum without sample absorption as a reference and (b) the IR spectrum with sample 
absorption.  The ratio of (b) to (a) gives a double-beam dispersive spectrum, which is the 
measurement scheme in this thesis. FTIR has two advantages over the other dispersive IR 
spectrometer (1) The signal to noise ratio can be improved by multiple times signal-
averaging; (2) Without using a slit, the total light source output can be used to interact 
with the samples and thus gives a higher signals and improves signal-to-noise ratio.   
 
Figure 2.6 Schematic of a dispersive Raman spectrometer. The laser is first focused 
on the sample, and then the backscattered light is collected by an objective lens. The 
elastically scattered portion of the backscattered light is suppressed by a Notch filter, and 
 23 
the inelastically scattered portion is guided to the spectrograph, dispersed by a grating 
and then detected by a charge coupled device (CCD).  
A schematic light path for a dispersive Raman spectrometer is shown in Figure 2.6. 
The laser is first focused on the sample. Then a notch filter is used to block the elastic 
scattered / reflected light. The transmitted inelastically scattered light is guided to a 
spectrograph and dispersed by gratings and detected by a CCD camera. 
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CHAPTER 3 
3. Atomic Layer Lithography  
In this chapter, fabrication schemes for making different forms of nanogap structures in 
noble metals are discussed. Those nanogap structures include vertical nanogap,  “U” 
shape buried nanogap, and planar nanogap structures.  
My contributions: I designed nanogap devices, developed fabrication to make the 
devices in wafer scale. I performed all the fabrications and characterized the devices 
using scanning electron microscopy (SEM), atomic force microscopy (AFM), and 
transmission electron microscopy (TEM).  
3.1 State-of-the-art for fabricating nanogaps  
Due to the broad potential applications of metal-insulator-metal nanogap structures, 
various fabrication schemes have been developed, including both bottom-up and top-
down fabrication methods. For example, using a bottom-up method, the gaps between 
self-assembled metal nano particles, can be made as narrow as sub 1 nm with very low 
cost12. However, the width and the position of the self-assembly method are not 
controllable, as discussed in Chapter 1. The top-down fabrication methods, such as e-
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beam lithography, focused ion beam (FIB), provide precise control over the nanogap size, 
the pattern position, and the shape. With these tools, nanogaps as narrow as sub 5 nm are 
possible. However, the high cost, the long writing time, and the low yield are still the 
main limitations.  
3.2 Vertical nanogap 
To address the above challenges, I developed an atomic layer lithography method to 
make vertical nanogaps. The method is based on standard photolithography, atomic layer 
deposition and simple tape peel-off process. The details of this work are described in the 
following publications: 
1. Xiaoshu Chen†, Hyeong-Ryeol Park†, Matthew Pelton, Xianji Piao, Nathan C. 
Lindquist, Hyungsoon Im, Yun Jung Kim, Jae Sung Ahn, Kwang Jun Ahn, 
Namkyoo Park, Dai-Sik Kim, and Sang-Hyun Oh, “Atomic layer lithography of 
wafer-scale nanogap arrays for extreme confinement of electromagnetic waves”, 
Nature Communications, 4, 2361, 2013. †Equal contribution.  
2. Xiaoshu Chen†, Hyeong-Ryeol Park†, Nathan C. Lindquist, Jonah Shaver, 
Matthew Pelton, Sang-Hyun Oh, “Squeezing Millimeter Waves through a Single, 
Nanometer-wide, Centimeter-long Slit”, Scientific Report, 4, 6722, 2014. †Equal 
contribution. 
 26 
3.2.1 Atomic layer deposition 
In atomic layer lithography method, instead of using lithography or FIB to make the 
smallest feature — nano-sized gap, atomic layer deposition (ALD) is used to define the 
width of the gap. ALD is a thin film deposition method. Comparing to other thin film 
techniques, such as sputtering, evaporation, oxidation, and spin coating, ALD is uniquely 
suitable for the fabrication of sub-nanometer-scale structures42,43, as its self-saturating 
nature enables conformal deposition of dense and uniform films on metal surfaces with 
atomic resolution.  
A typical ALD reaction for depositing a binary compound is shown in Figure 3.144. 
Precursors “A” and “B” are sequentially introduced into a reaction chamber with a 
nitrogen purging step between each precursor: A/ nitrogen purge / B / nitrogen purge. 
This process is called one cycle and it is repeated until the desired thickness is reached. 
The quality of ALD deposited thin film and the deposition rate are strongly affected by 
the chamber temperature, pressure, precursor mass, and the purge time.  
Among various material options, the ALD process for alumina is the most extensively 
characterized. This process consists of the sequential injections of water vapor and 
trimethylaluminum (TMA) vapor into the chamber. The deposition rate of each cycle is 
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typically between 1 to 2 Å, making it an ideal option to deposit sub-nanometer dielectric 
layer.  
 
Figure 3.1 A typical reaction for a binary compound deposition using ALD. The two 
precursors are sequentially pumped into a reaction chamber, with a purging step in 
between each precursor. Each step is a self-saturation process, which guarantees the 
uniformity and reproduction of ALD and enables atomic resoluble thickness control by 
the number of deposition cycles.  
The deposition rate of ALD, which is critical in defining nanogap width, is calibrated 
by AFM scan as shown in Figure 3.2. The calibration sample is a partially coated 
template-stripped ultra-smooth silver film. The left side of the ultra-smooth silver film is 
covered with alumina film deposited by ALD with various thicknesses on three samples 
(nominal thickness on each sample: 1, 2, and 5 nm). The right side is template-stripped 
bare silver. AFM is used to scan across the edge of the alumina film to get the height of 
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the step, i.e. the thickness of the alumina film. More information about ALD and the 
calibration sample preparation process is discussed in Appendix A.1. 
 
Figure 3.2 Calibration of ALD deposition rate using AFM. a, AFM scan over an area 
of 1 µm by 1 µm on a template-stripped silver film. The left half of the film is covered by 
1 nm alumina film deposited by ALD, and the other half is bare silver. b, A line scan 
over the sample showing a step at the edge of alumina film. 
3.2.2 Atomic layer lithography 
Previously, ALD was combined with ion milling to pattern sub-10 nm vertical gaps along 
the perimeter of hollow micron-sized metal patterns45. As these structures are hollow, 
transmission measurement suffers from high background levels. This thesis therefore 
presents the efforts to develop a new planarization scheme that does not create a center 
hollow structures except the nanogaps themselves, as shown in Figure 3.3 left and right, 
to allow both optical and electrical study of nanogaps. 
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Figure 3.3 The advantage of the improved fabrication method is to be able to fill the 
hollow hole (left) and make nanogap in a flat surface of metal film (right). The idea is to 
eliminate the transmitted background signal and allow the study of nanogap alone both 
optically and electrically. The left figure is reprinted with permission from Hyungsoon 
Im, et al.45. Copyright 2010, American Chemical Society. 
The atomic layer lithography method combines ALD with a ‘plug-and-peel’ metal 
patterning process using an adhesive tape. The processing scheme is illustrated in Figure 
3.4a. First, trenches with the desired geometries are patterned in metal film on a Pyrex 
glass substrate using photolithography (with negative resist: NR71-1500P), e-beam 
lithography or FIB milling, followed by a metal deposition process using e-beam 
evaporation (Temescal or CHA) and then lift-off is carried out in a solvent (1165 
remover) to remove the resist. After cleaning the wafer with acetone, methanol, and 
isopropanol (IPA) and blow dry with nitrogen gas, the patterned metal film is 
conformally coated with a thin alumina layer using ALD at 250 °C (Cambridge 
NanoTech Inc., SavannahTM). If the metal is silver, then alumina is deposited with ALD 
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at 50 ºC to avoid the oxidation of silver.  (Details of ALD recipes are discussed in 
Appendix A.1).  
 
Figure 3.4 Schematic of wafer-scale atomic layer lithography. a, (i) A patterned 
substrate with trenches in metal film is conformally coated with a thin layer of insulator 
(alumina) deposited with ALD. (ii), A subsequent metal evaporation embeds metal plugs 
in the trenches. (iii) and (iv), Excess metal atop the substrate is removed using an 
adhesive. b, A silicon wafer with excess metal on the left of the wafer and being peeled 
off on the right side of the wafer. The insert on the top-right shows the tape peeling off 
process.   
In the ALD process, TMA and H2O vapors are sequentially pulsed through the 
chamber. Nitrogen gas is used to purge the chamber between each injection. The 
thickness of the alumina film is calibrated using ellipsometry on a Si wafer placed in the 
same chamber. The measured deposition rate is 1.1 Å/cycle. The trenches, now over-
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coated with the alumina film, are subsequently filled with metal by directional 
evaporation (Temescal, the ‘plug’ process is shown in Figure 3.4a ii). The plug can be of 
a different material than the initial patterned metal. It is crucial that the sidewall of the 
first layer be vertical, so that there is a discontinuity between the first metal and the 
second metal layers. This makes it possible to peel off the metal film atop the substrate 
using a standard adhesive tape (single-sided 3M Scotch® MagicTM Tape), leaving behind 
planarized metal plugs that are isolated from the first metal film by the alumina film. As 
the adhesive is in contact only with the second metal layer, the process does not leave any 
residue on the left metal films.   
Although standard lithography defines the overall footprint of the structures, the gap 
size is independently controlled by ALD, giving an angstrom-scale lateral resolution 
along the entire contour of structures. Instead of using ion mill etch, which is relative 
more expensive, time consuming, and causes possible surface roughness by ion bombing, 
the metal deposited outside of the trench is easily removed by an adhesive tape  without 
leaving any residue or extra roughness.  
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Figure 3.5 Scanning electron micrographs for nanogaps. a and b, top and cross-
sectional SEMs of a 10-nm-wide alumina layer between Ag and Au. c, Cross-sectional 
TEM of a 9.9-Å-wide alumina layer between two Au layers. Top-view SEM of d star, 
and e bowtie milled with FIB in a 200 nm-thick Au film on a glass substrate. These 
patterns are filled with 200-nm-thick Ag plugs with 10-nm-thick alumina layer in 
between. Scale bars: a, 50 nm; b, 50 nm; c, 1 nm; d 300 nm; e, 300 nm. 
To confirm that the nanogaps are formed through optically thick metal film, SEM and 
TEM are used to check the top surface and cross-section of the nanogap samples. Figures 
3.5a and b are SEMs top and cross-section view of 10 nm thick gap formed in Ag and Au 
films, showing a uniform10 nm thick alumina film filled inside the nanogap. Also it can 
be seen that two different metals can be deposited to fabricate hybrid nanogap structures. 
The alumina is deposited with ALD for 9 cycles at 250 ºC at a rate of 1.1 Å/cycle, with a 
nominal thickness of 9.9 Å. The thickness of the alumina layer between the two metal 
layers is confirmed by the TEM cross-section view as shown in Figure 3.5c. Figures 3.5d 
and e demonstrate that nanogaps with aspect ratios over 200 can be formed along the 
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contours of arbitrary patterns. Even if the lateral sidewalls display some residual 
roughness from the initial patterning process, the conformal ALD coating ensures that the 
nanogaps are uniform in thickness and electrically insulated. This technique can be used 
to produce nanogap structures with thicknesses of less than 1 nm in opaque metal films 
with a yield over 90% in wafer scale. Furthermore, a particularly notable feature of the 
atomic layer lithography is the resulting nanogaps extend uniformly along a millimetre-
scale loop, even centimeter-long loop, as shown in Figures 3.6a - d, allowing us to 
explore broad applications of the nanogaps.  
 
Figure 3.6 Centimeter long metal-insulator-metal nanogaps made by atomic layer 
lithography. a, Photograph taken from the tape peeling process for making centimeter 
nanogap. b, Photograph taken from the backside of the nanogap loop structure (0.8 cm x 
1 cm). c, Top-view SEM of a 20 nm-wide gap in a gold film. Also shown is a zoomed in 
SEM image of the nanogap. d, Cross-sectional TEM of a 2 nm-wide alumina layer 
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between two gold layers. Reprinted with permission from Xiaoshu Chen, Hyeong-Ryeol 
Park, et.al.47 Copyright 2015, John Wiley and Sons. 
3.3 Buried nanogap 
As discussed in Chapter 2, it is known that the small IR absorption cross-section of 
molecules is the main limitation of the applications of IR spectroscopy. Surface-plasmon-
enhanced local optical field is thus widely used to enhance IR absorption of the 
molecules adsorbed on metallic surfaces. Various geometries such as metallic islands48, 
nanorods49, 50, 51, nanoholes36, split rings52, and nanoshells15 are utilized to enhance the 
local electromagnetic fields. While isolated metallic structures have shown impressive 
performance for SEIRA, coupled nanogap structure, which takes the advantage of gap 
plasmons, is an ideal geometry to achieve the smallest mode volume and the maximized 
field enhancement. For broader applications of SEIRA, also to improve its sensitivity, 
reproducibility, and lessen the requirement of intense light sources, there is an increasing 
demand to manufacture nanogap substrates with arrays of hotspots in large area.  
In the following section, a new method based on ALD and template stripping is 
introduced to make “U” shape buried nanogap structures as a novel SERIA substrate.  
The work is described in the publication: 
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1. Xiaoshu Chen, Christian Ciracì, David R. Smith, Sang-Hyun Oh, “Nanogap-
enhanced Infrared Spectroscopy with Wafer-scale Arrays of Buried Plasmonic 
Cavities”, Nano Letter, 2015, 15, 107-113. http://dx.doi.org/10.1021/nl503126s.  
3.3.1 Buried nanogap structures on two dimensional substrate 
Plasmonic nanogap structures have been fabricated using e-beam lithography53, 38, 54, 
FIB55, 56, electromigration57,  or nanosphere lithography58, 59, 60. Reproducible 
manufacturing of single-digit nanometer gaps, however, remains a challenge. In addition 
to direct-write lithography techniques, nanogaps can also be constructed via thin-film 
deposition61, in which case it is not easy for light to couple into the gaps.  The technical 
challenges have been addressed by our atomic layer lithography described in the past 
section. The atomic layer lithography method can be used to create single-digit-
nanometer metallic nanogap structures with much higher throughput, lower cost, easier 
light coupling, precise positioning, and better uniformity in wafer scale for practical 
sensing applications. 
In this section, a buried nanogap cavity device is proposed to address the above issues 
for applications of SEIRA. As shown in Figure 3.7 (left), the structure consists of a 
metal-insulator-metal waveguide flanked by vertical arms that couple normally incident 
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light. The cavity is made of two vertical arms and one flat section. The thickness of the 
insulator (purple in color) defines the nanogap size. The cavity length equals to the sum 
of the length of the flat and vertical parts of the nanogap. The cavity length is designed 
carefully to tune the resonance to the mid infrared. The insulating film in the vertical 
arms can be removed without compromising the mechanical stability of the cavity and 
then be backfilled with analyte molecules using methods such as self-assembly, drop-
and-dry, and spin coating, etc.  
 
Figure 3.7 Schematic cross-section view of the buried nanogap cavity (left) and 
schematic of utilizing the buried nanogap as SEIRA substrate (right).  
  Comparing to other SERIA substrates, the buried nanogap cavity has many 
advantages. First, the metallic nanocavities are protected by a silicon template and a glass 
slide from contamination and can be template-stripped to expose nanogaps on-demand. 
As a dense array of single-digit-nanometer gaps can be created uniformly over an entire 
wafer, the technique will facilitate broader applications of surface-enhanced 
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spectroscopies. Furthermore, the resultant buried cavity geometry, wherein the patterned 
metals are tightly embedded in the surrounding metal films, is mechanically robust 
against wet processing. The planarized top surface facilitates subsequent integration with 
other devices, such as microfluidics. 
Here, photolithography, atomic layer deposition, and template stripping are used to 
produce wafer-scale nanocavity arrays with precisely defined size, shape, and orientation. 
The method constructs metallic nanocavities with smooth patterned metals surfaces using 
template stripping43,62, 63 , and achieves uniform strong field enhancement hotspots 
through precise control of the gap size using atomic layer deposition. The process flow 
for making the buried nanogap structure is illustrated in Figure 3.8. First, arrays of 80-
nm-thick gold stripes are patterned on a 4-inch Si wafer using standard photolithography 
followed by a metal evaporation and a lift-off process. Note that no adhesion layer is used 
between the gold film and the Si substrate, which is a necessity for template stripping of 
the final structure. The gold stripes are then conformally coated with a thin layer of 
alumina using ALD (Figure 3.8b). The key advantage of this approach is that the film 
thickness can be readily controlled with single-digit-nanometer scale or even angstrom-
scale resolution using ALD to create gaps with sub-nm thickness46. Then a second layer 
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of metal (150-nm-thick silver) is deposited on top of the alumina to form nanogaps 
between the gold and the silver films. The gap width is precisely defined by the thickness 
of ALD-grown alumina film (Figure 3. 8c).  
 
Figure 3.8 Schematic fabrication process for buried nanogaps.  a, Standard 
photolithography is used to pattern gold films (stripes or disks) on a 4-inch silicon wafer.  
The photograph at the bottom left shows a 4-inch wafer containing metal stripes after lift-
off. Each square on the wafer is approximately 1.5 mm by 1.5 mm in size, and the size is 
only limited by lithography. b, Metal patterns are conformally encapsulated with a thin 
alumina spacer layer deposited using ALD. c, A silver film is deposited conformally on 
the pattern. d, The whole structure is stripped off from the silicon substrate by gluing the 
substrate to a glass slide steadily with UV cured epoxy. e, A schematic diagram showing 
buried nanogaps are exposed after template stripping.  
Switched between metal layer and the silicon substrate, the nanogaps are protected by 
metal and silicon substrate before template stripping. The sealed nanogaps are easily 
a c db
Pattern metal ALD coating Deposit 2nd metal Template stripping 
e
Au Ag 
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exposed for molecule deposition and spectroscopic measurements. This is accomplished 
by stripping the patterned metals from the Si substrate due to the poor adhesion between 
noble metal and silicon. To carry out template stripping, a UV-curable optical adhesive 
(NOA 61, Norland Products Inc.) is applied on the surface of the silver film (Figure 
3.8d), covered with a glass slide, cured under a UV lamp for 15 minutes and then baked 
on a hotplate for overnight, and at last, the whole structure is stripped off from the Si 
wafer (Figure 3.8e).  More details can be found in Appendix A.4. 
 Using this method, plasmonic hotspots are generated along the entire length of the 
1.5-mm long nanocavity, thus our structure is robust against local defects or impurities 
compared to point-like nanogap structures. Importantly, these cavities are protected by a 
silicon template, and can be template-stripped immediately before use to prevent surface 
contamination and degradation of the ultra-thin nanogaps. This is shown in Figure 3.9a 
that the chips are glued to glass slides by epoxy. The zoomed-in SEMs in Figure 3.9a, 
which are taken after template stripping, show cavities with a 5-nm gap size between 
gold and silver. With standard photolithography, any pattern shapes can be produced.  
Because the nanogaps are made entirely with wafer-scale batch processes, namely metal 
deposition, standard photolithography and ALD, there is no limitation in the size and 
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shape of the cavity patterns, such as disks (Figure 3.9b) and wedges (Figure 3.9c). The 
high packing density, combined with millimeter-scale horizontal length (perpendicular to 
the cavity length direction), facilitates applications in mid infrared. 
 
Figure 3.9 SEMs and AFM scan of buried nanogaps. a, A photograph of chips clued 
to a glass slide by cured epoxy. On the top right chip, the silicon substrate is already 
stripped off and the nanogaps are exposed. SEM image shows an array of buried 
nanogaps on the chip. Further zoomed-in images show a single cavity and a 5 nm 
nanogap on one side of the cavity. b and c,  SEMs of nanogap in disk and wedge pattern.  
d, Contact mode AFM line scan across a nanogap cavity shows a height difference of 5 
nm between gold and silver. 
 AFM is used to scan the surface of a sample with a 5-nm gap size as shown in Figure 
3.9d. A line scan across the entire cavity shows the ultra smooth template-stripped gold 
d   b
100 nm 10 um 100 nm 
c
3 um 5 um 
  Au       Ag 
a
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film, with typical root-mean-square roughness (RMS) < 1 nm, and silver film, RMS 
between 1 nm and 2 nm. On the template-stripped surface, it can be seen that the gold 
film protrudes 5 nm above the silver substrate. This height difference is the same as the 
thickness of the ALD deposited alumina layer. The reason for the height difference is 
that, during the peeling off process, the alumina film on the substrate region stays, due to 
the relatively stronger adhesion of alumina to silicon than that to silver. 
3.3.2 Buried nanogap structures on three dimensional substrate 
Nanogaps and nano tips are essential structures that can generate strong plasmonic field 
enhancement. Researchers have made complex structures with nanogaps on sharp tips for 
enhanced light field using e-beam lithography, FIB, and metal deposition into a patterned 
mold, etc. The hybrid structure combining nanogaps with nano tips can benefit 
applications such as near field optical scanning probes64, nonlinear optics65, and optical 
nano tweezers66.   
 Here, a method based on atomic layer deposition and template stripping on three-
dimensional substrate is introduced to fabricate nanogaps on wedges tip is introduced, as 
shown in Figure 3.10. First, V-shaped trenches with 54.74º are fabricated with 
anisotropic etching (30% potassium hydroxide (KOH) saturated with IPA at 80 °C) of a 
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standard (100) silicon wafer. Due to the difference in etch rates for different crystal facets 
of silicon crystal in  KOH solution, V-shaped trenches can readily be made. The resulting 
sidewalls of etched silicon templates are atomically smooth.  
 
Figure 3.10 Fabrication of buried nanogaps on a template-stripped 3D wedge. a-f 
Schematics of the fabrication of nanogaps on wedge tips combining nanosphere 
lithography, atomic layer deposition, and template stripping. By putting nano / micro 
spheres into V shape trenches in silicon wafer as masks for metal deposition, holes in 
metal (in this case, silver) film inside the wedge are formed. A conformal layer of 
alumina is deposited by ALD to define nanogap size. Then a silver film is deposited into 
the wedge. The metal-insulator-metal stack layers is then stripped by glue it to a glass 
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slide with UV cured adhesive. g, SEM of a template-stripped gold wedge with the radius 
of about 10 nm (Scale bar 400 nm).  h, SEM image shows a hole in metal film after 
removing a microsphere by sonication. i, Two annular nanogaps formed on the wedge. j, 
Zoomed-in SEM images showing a 5 nm gap on wedge tip. The scale bars in figures i, j 
are 1 µm. k, Nanogap array formed on the wedges, with the first metal film patterned in 
V shape grooves by photolithography, metal deposition, and lift-off process. The scale 
bar in k is 2 µm.  
After the wedges are fabricated in silicon wafer, silica or polystyrene micro/nano 
spheres are applied to the wedges by drop-and-dry method. The diameter (D) of the 
spheres is chosen based on the width (W) of the trench. When the ratio of the W/D is 
smaller than 2.7 67, isolated spheres or a linear chain of spheres are formed in the V shape 
trenches, as shown in Figure 3.10a. If a linear chain of spheres is formed, a dry etch 
method is used to shrink the size of spheres to get isolated spheres. The excess spheres on 
the top surface can be easily removed by a lift-off brush. Then a thin metal film (~60 nm) 
is deposited both on the spheres and on the silicon substrate except the areas shadowed 
by the spheres, as shown in Figure 3.10b. The spheres are then removed by a gentle 
sonication process, similar to a lift-off process, leaving holes in metal film in the wedge 
mold, as shown by the SEMs in Figure 3.10h. Metals with weak adhesion to silicon wafer 
are used in this method. Then a thin layer of alumina is deposited conformally on the 
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surface and sidewall of the metal patterns (Figure 3.10c). The thickness of the alumina 
defines the width of nanogap.  A second metal layer thicker than the first metal layer is 
deposited on top of the alumina layer to completely cover the patterns. Then optical 
epoxy is poured on top of the sample surface and then cured under UV light and put on a 
hot plate at 55 ºC overnight for further aging. The multilayer structures, containing a 
layer of alumina embedded in two metal films, are stripped off from the silicon wedge 
mold, shown in Figure 3.10 e and f. The metal wedge is prepared by template stripping of 
deposited metal (silver or gold) from V shape trenches in a silicon wafer. By simple 
metal deposition and template stripping, 3D metal wedge structures with ultra smooth 
surface and ultra sharp tips are fabricated62. Shown in SEM in Figure 3.10i that two 
annular nanogaps on the wedge tip.  The zoomed-in SEM in Figure 3.10j demonstrates a 
5 nm wide nanogap on top of the wedge tip. The trenches in the wedge can also be made 
into large area and in a well-arranged array by photolithography to make nanogap array 
on top of wedges as shown in Figure 3.10k. More details of the fabrication process are 
discussed in detail in Appendix A.5. 
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3.4 Planar nanogap 
In this section, I will demonstrate that thin film deposited by ALD can be used to make 
planar nanogap structures, which are also called film-coupled devices. The work is 
described in the following publications: 
1. J. Britt Lassiter, Xiaoshu Chen, Xiaojun Liu, Christian Ciracì, Sang-Hyun Oh, 
Maiken H. Mikkelsen and David R. Smith, “Third-Harmonic Generation 
Enhancement by Film-Coupled Plasmonics Stripe Resonators”, ACS Photonics, 
1, 1212-1217, 2014. http://dx.doi.org/10.1021/ph500276v.  
2. Christian Ciracì, Xiaoshu Chen, Jack J. Mock, Felicia McGuire, Xiaojun Liu, 
Sang-Hyun Oh, and David R. Smith, “Film-coupled nanoparticles by atomic layer 
deposition: comparison with organic spacing layers”, Applied Physics Letters, 
104, 023109, 2014. http://dx.doi.org/10.1063/1.4861849. 
My contributions: I participated to conceptualize the idea, designed and performed 
the fabrication, optical measurement, SEM imaging.  
3.4.1 Background of planar nanogap 
Comparing to vertical nanogaps, the planar nanogaps are easier to fabricate, with 
dispersed plasmonic nanoparticles (NPs), thin film deposition, e-beam and optical 
lithography method. NPs can be readily positioned at controlled distances from a metal 
film with a uniform dielectric spacer layer in between. A NP closes to a metal film and its 
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electromagnetic image in the metal film are resemble to a dimer configuration in optical 
properties. Such film-coupled devices have been utilized to enhance Raman scattering68, 
to control the reflectivity from surfaces in visible regime69, to control the spontaneous 
emission of fluorescent molecules70, and to study the classical nonlocality effect in the 
sub-nanometer gap regime11.                       
3.4.2 Fabrication process 
In this section, two methods are introduced to make planar nanogap structures. The first 
method is to deposit colloidal NPs on a thin dielectric film coated on gold film. The 
second method is to use e-beam lithography to make well-arranged planar nanogaps 
between the first metal film and the patterned metal film. The project of film coupled 
planar nanogap was collaboration between our group and Dr. Smith’s group at Duke 
University. More details are in references71,72. 
In both methods, a spacer layer is used between the metal film and metal NPs or 
patterned metal films. As shown in Figure 3.11, the colloidal synthesized plasmonic NPs 
are deposited on a spacer layer comprising of organic molecules, such as polyelectrolyte 
layers (PEs) or self-assembled amine-thiol monolayers. The spacer layer can be prepared 
by spin coating or self-assembly. Organic layers sometimes form fragmentarily when 
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deposited on the film surface, require long-term immersion during formation, and may 
break down under high temperature and high laser power. Therefore, it is interesting to 
explore alternative spacer layer based on inorganic systems.73  
 
Figure 3.11 Geometry of film-coupled NPs structure. Gold NPs are randomly 
distributed on a metal substrate through a dielectric spacer layer. Reprinted with 
permission from Christian Ciracì, Xiaoshu Chen, et.al.71 Copyright 2014, AIP Publishing 
LLC. 
One robust method to the fabrication of thin inorganic spacer layers is using ALD, 
which utilizes alternative cycles of self-limiting surface reactions to deposit angstrom 
scale thin films in a layer-by-layer fashion.74 Besides its traditional applications in 
microelectronics, ALD has recently been used for surface passivation42 as well as 
lithographic patterning of plasmonic nanostructures46.   
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The fabrication process of using e-beam lithogprahy to make the planar gaps is shown 
in Figure 3.12. First, the ultra smooth gold pattern is prepared by the template stripping 
fabrication method62. In the template stripping process, the gold film is peeled off readily 
using optical adhesive as a backing layer to reveal the smooth gold surface replicated 
from the atomic smooth silicon surface. The measured RMS of the template-stripped gold 
film is 0.33nm measured by AFM, while the typical RMS for deposited gold film is 
above 1 nm. The dielectric functions associated with these films differ slightly from 
standard evaporated gold films69.  In the spectral range of interest, the real and imaginary 
parts can differ up to 5% and 17%, respectively.  
 
Figure 3.12 Schematics of the fabrication process for planar nanogap arrays. a, A 
ultra-smooth gold film is prepared by template stripping process. b, A thin alumina film 
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is deposited by ALD. c, Gold stripes are patterned with e-beam lithography, metal 
deposition and lift-off process.  
One set of samples is fabricated on template-stripped gold films, with alumina 
inorganic spacer layers of thicknesses, d, varying from sub 1 nm to a few tens of 
nanometers. Alumina spacers are deposited by ALD at 50 ºC. The thicknesses of alumina 
can be deduced by multiplying the number of cycles (self-limiting cycles which are 
deposited) for each sample times the deposition rate. The calibrated deposition rate is 1.0 
Å per cycle, which is confirmed by ellipsometry measurements on test wafers. 
3.5 Conclusions 
In this chapter, we presented novel fabrication methods to make different forms of metal-
insulator-metal nanogap structures, based on standard photolithography, ALD, and 
adhesive tape or template stripping method. Those methods enable wafer-scale 
production of 1-nm nanogap arrays containing approximately hundreds of thousands 
devices at the same time. ALD pushes the gap dimension towards the angstrom scale and 
thus can boost the wafer-scale investigation of quantum-mechanical and nonlocal effects 
at optical frequencies11, optical rectification24,29, and inelastic electron tunneling 
excitation of plasmons7.  Also by combining with the template stripping method, the 
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hotspots of each nanocavity uniformly extend along millimeter-long lines. Furthermore, 
the substrates are robust against localized defects or contaminants, which will help to 
accomplish more reproducible spectroscopy and also the combination of SERS and 
SEIRA on the same substrate.75 As with other template-stripped metallic 
nanostructures,76 the surfaces of these nanogap cavities are initially protected by a silicon 
template, which provides a robust protection mechanism against contamination or 
degradation, and thus each chip can be stored for a long time and template-stripped on-
demand. Since two metal films are electrically isolated by an insulating layer in between, 
applying a bias across the gap can turn these structures into tunnel junctions. Such 
structures can be used to study interesting effects such as electron tunneling,77 nonlocal 
electrodynamics,11 and photodetection78.
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CHAPTER 4 
4. Optical Characterization and Discussions 
Optical characterization of nanogap structures in the visible, near infrared, mid infrared, 
and THz regime will be discussed in this chapter. The optical characterization of the 
nanogap structures is used to confirm nanogap size, to map gap plasmon resonance, and 
to figure out gap plasmon resonances for desired applications. The work presented in this 
chapter can be referred to publications 1 and 3 (visible and near IR), 2 (mid IR), 3-6 (THz 
waves), 7-8 (near IR) in the publication list.  
My contributions: I performed optical characterization in the visible, near infrared, 
and mid infrared and performed data analysis.  
4.1 Characterization at visible and near IR 
4.1.1 Visible and near-infrared optical spectroscopy 
To prove that uniform nanogaps are formed through the entire metal film thickness, it is 
straightforward to measure the transmission of light simultaneously through an array of 
nanogaps in optical thick metal film simply by imaging the sample under a white-light 
illumination in an optical microscope. For transmission measurements at visible 
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wavelengths, a Nikon Eclipse inverted microscope, a Newport MS257 imaging 
spectrometer, and a Princeton Pixis 400 CCD camera are used.  Each spectrum is 
measured through a single gap and averaged over the length of the gap.  Repeatable 
spectra are obtained from different gaps on the same samples.  Spectra are normalized to 
the illumination source. A background spectrum is subtracted from all measured 
spectra.  Nanogap samples for optical transmission measurements are made using 
standard photolithography (except the spectrum for 2 nm gap in Au film in Figure 4.2b, 
which is taken from a sample that the trenches are made with FIB).  
Similarly, in the transmission measurements at near infrared (NIR) wavelengths, 
nanogaps are illuminated with an unfiltered halogen lamp through a condenser on an 
Olympus IX71 inverted microscope. The transmitted light is collected with an Olympus 
LMPlan IR 100X objective lens and then imaged on the entrance slit of an Acton SP2300 
grating spectrometer. The spectrometer is equipped with a liquid-N2-cooled OMA V 
InGaAs focal-plane photodiode array (Princeton Instruments).  
4.1.2 Results and discussions 
In the vertically oriented nanogap configuration, the nanogaps act as waveguides, and 
only the lowest-order transverse-magnetic mode in the waveguide is excited.  This mode 
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is excited only by light polarized perpendicularly to the gap, which is verified 
experimentally (Figure 4.1a). It can be seen that the random polarized incident light 
transmits through the whole range of nanogaps (Figure 4.1a row 1), while the linear 
polarized incident light only transmits through nanogaps that are perpendicular to the 
polarization of the light (Figure 4.1a row 2 and 3). This observation is consistent with the 
expected behavior of gap plasmons. 
 
Figure 4.1 Transmission of visible light through nanogaps. a, Optical micrograph of 
white-light transmission through alumina-filled nanogaps (Gap sizes: 2, 4, 5, and 6 nm 
for each column) in two adjacent rectangle nanogaps in 190-nm-thick Ag films. The 
illumination light is polarized randomly (row 1), vertically (row 2) and horizontally (row 
3). The widths of the gaps are indicated below each column. The color scale bars on the 
right show charge-coupled device counts. b, Measured transmission spectra through 
single nanogaps with different gap sizes in Ag at visible wavelengths. Numbers in b are 
the mode orders of FP resonances in the nanogap waveguides. Triangles in b indicate FP 
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resonance positions for 2-nm gaps. Spectra from 2, 4, 5, and 6 nm gaps in b are offset 
vertically for ease of comparison. 
The transmission spectra measured from single nanogap geometry with four different 
gap sizes are shown in Figure 4.1b. Multiple resonances are observed in the visible 
regime. The relatively low Q factor of the resonance is due to the loss in the metal when 
the gap plasmons propagate and reflect back and forth inside the ultra thin nanogap for 
multiple times.  
The spectra of light transmitted through the nanogaps show a series of peaks at both 
visible (Figure 4.1a and b) and near-infrared wavelengths (Figure 4.2a and b). These 
resonances are Fabry-Pérot (FP) resonances79,80: light that travels in the nanogap 
waveguide is partially reflected at the upper and lower surfaces of the nanogap cavity, 
forming a standing wave. The resonant wavelength is determined by cavity length, the 
nanogap width, and the effective refractive index of the cavity, etc.  The resonances occur 
when the following condition is satisfied:                          
                      2L!!"! ω + Δφ! ++Δφ! = 2πm                            (4.1) 
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where β!"! is the gap plasmon propagation constant in the metal-insulator-metal 
waveguide. m is an integer indicating FP mode number, and Δφ!,! describe the phase 
shifts due to reflection at the two end faces of the cavity.  
             
Figure 4.2 Transmission of infrared waves through nanogaps. a, Measured 
transmission spectra through nanogaps in Ag film at NIR wavelengths. Spectra from 2, 4, 
5, and 6 nm gaps in a are offset vertically for ease of comparison. b, Measured 
transmission spectra at NIR wavelengths through a 1.1-nm gap in a 190-nm-thick Au film 
and a 2-nm gap in a 200-nm-thick Au film. Numbers are the mode orders of FP 
resonances in the nanogap waveguides.  
 In order to obtain a simple analytical model, we ignore the above mentioned phase 
shifts, which are expected to be small due to the large effective refractive index mismatch 
between the waveguide and the free space (air and glass in this case).  We then use the 
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equation (4.1) to map out the dispersion relation of the gap plasmon in nanogap 
waveguides, provided that we know the mode number, m, corresponding to a given 
transmission peak.  The mode number is determined by comparing the measured data to 
FDTD simulations, and the resonance peak positions are obtained by fitting Lorentzian 
curves to the measured spectra.   
                               
Figure 4.3 Dispersion relations of gap plasmon resonances in nanogaps. The solid 
curves are theoretical dispersion curves for different gap sizes and materials. The markers 
are measured resonance peaks from nanogap waveguides from Figure 4.1b, 4.2a and b. 
The vertical solid grey grid lines denote the wavenumbers of modes 1–13, from left to 
right, for a cavity length of 190 nm. The vertical dashed gray grids mark the 
wavenumbers of modes 3, 4, and 5 for a cavity length of 200 nm. The bottom x-axis is 
the wave vector of gap plasmon. The top x-axis, defined as 2π/β!"!, is the gap plasmon 
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wavelength. The left y-axis is the energy of light, with corresponded free space 
wavelength showing at right y-axis. 
As shown in Figure 4.3, experimental data of the peak positions from the nanogaps in 
Au and Ag film (Figure 4.1 and 4.2) are in good agreement with the theoretical 
dispersion relations. Deviations for large wavenumbers may be due to the neglect of the 
phase shifts upon reflection, or due to errors or variations in the measured thickness of 
the metal film.  The dispersion curves indicate that light with a free-space wavelength of 
517 nm is confined to a 2-nm alumina gap in Ag, referring a plasmon wavelength λ!""= 
29 nm; this corresponds to an effective refractive index of 17.8, the highest effective 
refractive index reported in the visible regime.   
4.2 Characterization in mid infrared regime 
Buried “U” shape nanogaps are designed to have resonances in the mid infrared for 
applications as SEIRA substrate. The optical characterization is carried out with a Fourier 
transform infrared spectroscopy (FTIR) as discussed in Chapter 2.  
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4.2.1 FTIR measurements 
A Nicolet Series II Magna-IR System 750 FTIR equipped with an IR microscope (15× IR 
objective lens, NA = 0.58) is used to measure the spectra from the nanogap samples in 
reflection mode. Though the spectrometer and the microscope are purged with dry air, the 
sample and the light path from the objective lens to the sample are exposed in 
atmosphere. An adjustable built-in aperture in the IR microscope is used to define the 
illumination spot size. The absorbance spectrum is defined as Log10(Io/I), where Io is the  
reference signal and I is the signal from nanogap cavities. Each spectrum from the 
nanogap cavity array is normalized to the signal taken from an area of bare silver hundred 
of microns away from the patterned area using the same aperture size and is averaged for 
256 times, with a resolution of 4 cm-1 in each spectrum.  
4.2.2 Results and discussions 
We measured the absorbance spectra from nanogap cavities with lengths of 500, 600, 
700, 900, 1300, and 1700 nm, each with gap sizes of 3, 5, 7, and 10 nm. The thickness of 
the first layer gold film is fixed at 80 nm for all the samples. Buried nanogap cavities 
with different cavities length are shown in SEMs in Figure 4.4.  
 59 
 
Figure 4.4 SEMs of buried nanogap cavities with various cavity lengths. Scale bar: 
200 nm. 
Corresponding spectra for different gap sizes and cavity length are shown in Figure 
4.5a-d. Multiple FP resonances are observed at wavelengths between 10 µm and 1.6 µm. 
The peaks observed in the spectra shown in Figure 4.5a-d correspond to the FP 
resonances in the buried nanogap cavities22,81. While each cavity is folded, the gap 
plasmon follows the dispersion as if it is propagating in an unfolded nanogap cavity.82 
Although we use random polarized light to launch gap plasmon modes in our structures, 
only the TM component (electric field perpendicular to the stripes) couples to the gap-
plasmon mode in the nanogap cavities. Moreover, with normally incident light, only 
symmetric FP modes (with respect to the magnetic field) can be excited. The first left 
peak from buried nanogap cavities shown in Figure 4.5 is the first symmetric FP mode. In 
a!
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our experiments, anti-symmetric modes are also observed as small peaks between much 
stronger resonance peaks associated with symmetric modes. This is because the incident 
light is not perfectly collimated due to the numerical aperture  (=0.58) of the IR objective 
lens, which allows certain amount of oblique incident light.  
 
Figure 4.5 Tuning of resonances of nanogaps by varying cavity width. a-d, FTIR 
spectra from 3, 5, 7, and 10 nm gap cavity respectively, in 2D stripe pattern with various 
metal stripe widths: 500, 600, 700, 900, 1300, and 1700 nm, from the top curve to the 
bottom curve. Except in d, the spectra are measured from 600, 700, 900, 1300, and 1700 
nm cavity width. Spectra are offset in y-axis for easier comparison. 
 61 
The spectral scaling can be simply achieved by tuning cavity length or the gap 
thickness of the nanogap cavity. Increasing the cavity length shifts the FP modes toward 
longer wavelengths. With micron-scale cavity lengths, which are fabricated using 
standard photolithography, the cavity resonances are tuned from mid-infrared to near 
infrared easily.  
Figure 4.6a shows a reflection spectrum obtained from 5-nm gap cavities, plotted as a 
function of wavelength, which shows a series of sharp resonances peaks. A Q factor – 
defined as λresonance / Δλ  – of 34 is measured at a resonance wavelength of 1.8 µm. For 
decreasing gap thickness, the resonance shifts toward longer wavelengths because of the 
dispersion of the gap-plasmon69. That is, as the gap width shrinks, the effective refractive 
index of the tightly confined plasmonic mode goes up, thus increasing the effective cavity 
length and the resonant wavelength.  
The dispersion characteristics of the buried nanogap plasmon for the gap sizes of 3, 5, 
7, and 10 nm are deducted from resonance peak positions, as shown in Figure 4.6b. The 
theoretical plasmon dispersion curves are plotted using gap plasmon dispersion equation. 
The dielectric function of alumina and template-stripped gold film are taken from peer’s 
work respectively83,84, and the dielectric function of silver is approximated by the Drude 
 62 
model. The results from both theory and experimental data are in good agreement. For 3 
and 5 nm gaps, the experimental data deviate toward shorter wavelengths compared to 
theoretical predictions, likely due to the roughness of the metal surface in the nanogap. 
For the 3 nm gaps, we find an effective refractive index of 6.5 for the waveguide plasmon 
mode. The resonance peak measured at 10.16 µm wavelength from this sample indicates 
that the free-space radiation has been squeezed into a cavity as narrow as 3 nm (λ/3387), 
showing the strong optical confinement enabled by the nanogaps.  
 
Figure 4.6 Gap plasmon dispersion in mid infrared. a, FTIR spectra from a 5-nm gap 
cavity with cavity width 1700 nm, plotted in wavelength. b, Dispersion of nanogap from 
experimental and simulation data for 3, 5, 7, and 10 nm gap. The solid lines are the 
theoretical dispersion curve of gap plasmon in nanogap cavity for different cavity lengths 
and gap sizes.  
 63 
It is interesting to notice that the spectra in near infrared regime show very distinct 
peak resonances, which indicates good coupling between the gap plasmon and the far-
field modes. This coupling is quite remarkable for a structure consisting of bare metal for 
more than 99.5% of its topographically flat surface. The strong coupling can be 
understood intuitively by replacing the fields radiated by the slits (formed by the vertical 
arms of the waveguide) with effective magnetic currents that re-emit a wave whose fields 
have opposite phase with the scattered wave reflecting off the metal region. The resultant 
destructive interference reduces the total reflected fields, greatly enhancing the energy 
absorbed from the incident wave69,85.  
4.3 Characterization in THz waves regime 
4.3.1 THz waves and time domain spectroscopy 
 
Figure 4.7 Terahertz (THz) waves. 
THz waves are the electromagnetic waves loosely defined within the band of frequencies 
from 0.05 THz to 3 THz (1 THz = 1012 Hz), as shown in Figure 4.7. The wavelength of 
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THz waves ranges from 6 mm to 100 µm. THz waves used to be known as the THz 
“gap”, due to the difficulties of the generation and the detection of THz waves.  
In the past two decades, there are plenty of progresses in the studies and applications 
of THz waves. Many applications, such as medical imaging86, security87,88, 
communications89, manufacturing90, and food safety91, are made possible with the 
emerging of more efficient THz generation and detection techniques.  
4.3.2 THz waves transmission through a single centimeter long nanogap 
THz time-domain spectroscopy (TDS) is a spectroscopic technique that is widely used to 
study the properties of the materials in THz waves92,93.  A typical TDS system is shown 
in Figure 4.8. 
 
Figure 4.8 THz time-domain spectroscopy system (THz-TDS).  
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In our TDS system, which was built by a lab member, Hyeong-Ryeol Park, a THz 
pulse with a few picoseconds pulse width is generated from a GaAs-based 
photoconductive antenna (Tera-SED, Gigaoptics, GmbH) illuminated by a femtosecond 
Ti: sapphire laser pulse train with a center wavelength of 780 nm, 80 MHz repetition rate, 
and 90 femtosecond pulse width (Mai Tai XF, Newport Corporation). As shown in 
Figure 4.8, the terahertz waves normally illuminate the sample. The transmitted THz 
pulses through the samples are detected by an electro-optic sampling method using a 1-
mm-thick ZnTe crystal (INGCRYS Laser System Ltd.). 
THz-TDS has been performed to observe non-resonant transmission of THz waves 
through tens of nanometer-sized gaps or slits21,94 fabricated in metal film.  In this work, 
THz waves transmit through even narrower nano gaps in a 150 nm-thick gold film with 
gap sizes of w = 2, 5, 10, and 20 nm, to achieve even higher field enhancement. The 
nanogap samples are prepared as shown in Figure 3.6a and b. During THz transmission 
measurement, a 1 mm-by-1 mm aperture in a stainless steel plate (1 mm in thickness) is 
used to illuminate only one side of the loop (that is, a single, straight nano sized gap) with 
the incident THz waves. A small but non-negligible direct transmission of THz waves 
through the unpatterned gold film is subtracted as background when estimating the field 
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enhancement in the nanogap21. Figure 4.9a shows the transmitted electric field 
amplitudes through the nanogap samples and the unpatterned gold film on the glass 
substrate. The transmission is highly broadband without any cut-off or interference 
effects, and is limited only by the response frequency of the metal. 
 
Figure 4.9 Transmission of THz waves through a single metal-insulator-metal nano 
gap. a, Time-domain signals for transmitted THz waves through single nanogap with gap 
sizes, w = 20, 10, 5, 2, and 0 nm(unpatterned). The graphs are offset along the vertical 
axis. b, Fourier-transformed electric-field enhancement spectra of the nanogap in the 
frequency domain. Black lines indicate a1/f dependence. 
Transmitted electric field amplitude is obtained by Fourier-transforming of the time-
domain signals, which is then normalized to the reference signal collected from the 
transmission through glass substrate. We infer near-field enhancement factors by 
normalizing the transmitted amplitudes by the gap coverage ratio, according to Kirchhoff 
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diffraction theory21,95. This can be done because the minimum gap width of 2 nm is larger 
than the charge screening length (usually about 1 nm). Figure 4.9b shows that the 
enhancement varies approximately as 1/f, where f is frequency, over the entire measured 
spectral range. Previous work showed that the field enhancement increases as the slit 
width decreases down to tens of nanometers, due to capacitive charge accumulation from 
the light induced currents at the sidewalls96-98. Reducing the gap width to 2 nm allows us 
to achieve a non-resonant electric field (|E|) enhancement of 1300 at f = 0.3 THz, which 
corresponds to a maximum intensity (|E|2) enhancement of 106, the highest obtained in 
single-nanogap studies. This enhancement is entirely due to the large ratio between the 
free-space wavelength of the THz wave and the narrow gap width, and does not rely on 
any resonance effects. 
When the nanogaps are irradiated with THz waves, the induced current charges the 
capacitor formed by the sidewalls of the nanogap. For smaller gaps, Coulomb attraction 
brings opposite charges closer to the sidewalls and generates a field enhancement that is 
inversely proportional to the gap size21,99. 2D finite-element modeling (2D FEM) using 
COMSOL are carried out to estimate the electric field enhancement as a function of the 
gap size, w.  As shown in Figure 4.10a, the simulated field enhancement factors are in 
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good qualitative agreement with the measured factors, showing capacitor-like 1/w 
dependence. Figure 4.10b shows a cross-section of the electric field distribution around a 
2-nm-wide slit. The enhanced electric field within the gap is nearly constant along its 
entire thickness. In modeling, strongly confined electric fields with enhancement factors 
over 1,000 near the entrance and exit corners are observed. 
 
Figure 4.10 Two-dimensional finite-element modeling of THz waves transmitted 
through a single nanogap. a, Red squares indicate the measured field enhancement of 
the nanogaps at 0.3 THz as a function of the gap size, performed by THz time-domain 
spectroscopy. Blue triangles indicate the simulated field enhancements by 2D finite 
element modeling. b, (left) Calculated electric field amplitude around a 2-nm-wide slit in 
a 150-nm-thick gold film. (right) Enlarged electric field amplitude distribution around the 
exit of the nanogap. The gap is filled with alumina. Reprinted with permission from 
Xiaoshu Chen, Hyeong-Ryeol Park, et.al.47 Copyright 2014, Nature Publication Group. 
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4.3.3 THz waves transmission through nanogap loop array 
Though the film thickness determines the FP resonances at visible frequencies, the 
horizontal dimension of the loop determines the in-plane resonances at THz frequencies 
(Figure 4.11a). This leads to the possibility of resonant transmission of THz waves 
through nanogap ring structures. The work is a collaboration work between our group and 
that of Prof. D.S. Kim at Seoul National University in Korea.  
To experimentally probe the THz response of the annular nanogap waveguides, TDS 
measurements are carried out over a wavelength range of 0.2–6.0 mm (1.5–0.05 THz) on 
150-nm-thick Ag samples with gap sizes w = 1, 2, 5 and 10 nm. Figure 4.11b shows that 
the period of the second oscillations on the transmitted THz time traces increase from 7.7 
to 13 picoseconds as the gap size decreases from 10 to 1 nm. These distortions of 
transmitted THz pulses correspond to resonance peaks in the spectral domain in Figure 
4.11c. By taking the Fourier transform of these time-domain traces, the transmittance 
amplitude of the input pulse through an array of 1-nm gaps, which occupies only 0.002% 
of the chip area, is as high as 50% at the resonance wavelength of 4 mm (Figure 4.11c). 
In contrast, the direct THz transmission through an unpatterned metal film is only 0.1%, 
indicating very strong field enhancement inside the gap.  
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Figure 4.11 Giant THz field enhancements in resonant nanogap ring structures. a, 
Illustration of THz waves being funneled through nanogaps arranged in rectangular rings. 
b, Time traces for transmitted THz waves through the bare substrate (reference), 
unpatterned Ag film and nanogap samples with the gap sizes of 1, 2, 5 and 10 nm. The 
time traces are offset along the vertical axis for clarity. c, Fourier-transformed electric-
field amplitude, normalized by the reference signal, as a function of wavelength. d, 
Electric-field enhancement, normalized by the coverage ratio of nanogaps with the gap 
sizes of w = 1, 2, 5, and 10 nm. Solid lines indicate measured fields, determined by THz-
TDS. The ringing at wavelengths below 2 mm is the FP resonances in the glass substrate. 
Dashed lines indicate the calculated transmission spectra, determined by 2D finite 
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element modeling. To allow resonance wavelengths to be compared, peak values of these 
calculated spectra are set as the peak values of the experimental spectra.  
The diffraction theory, which assumes that the field is concentrated exclusively 
within the gap, is used to quantify the enhancement factor. This approximation is justified 
because the dielectric constant of the metal is ~106 times larger than that of the dielectric 
gap at THz frequencies, so that the field intensity in the metal is very small. From this 
approximation, the field enhancement factors are inferred as high as 25,000 (Figure 
4.11d, solid line). It can be seen that the field enhancement is even higher than the factor 
of 10,000 predicted by 2D FDTD modeling, mostly due to the in-plane THz resonances 
along the 0.7-mm-long contour of each rectangular loop. To verify that the observed 
transmission resonances are indeed due to the in-plane resonance, the Wave Eigenmode 
Analysis tool in COMSOL is used to determine the eigenmodes of the ring structures. 
Agreement between the measured and calculated resonance frequencies is achieved when 
a thickness-dependent dielectric constant for the alumina film is used.100,101 This 
thickness-dependent response has been inferred from electrical transport measurements, 
but has not previously been considered when treating the optical response of nanometer-
scale junctions. Details on the determination of enhancement factors, in-plane resonances 
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and thickness determined dielectric constant are given in the Methods section in the 
reference46. 
In this section, it is demonstrated that a simple patterning method—atomic layer 
lithography—based on standard photolithography, ALD and adhesive tape, enables 
wafer-scale production of 1-nm nanogap arrays containing approximately 150,000 
devices. The method has the unique ability to produce nanometer-scale gaps over 
millimetre-scale contours, enabling non-resonant and resonant enhanced transmission of 
THz waves through nano-sized gaps in opaque metal films. As the measured transmission 
passes exclusively through the 1-nm gaps, which occupy 0.002% of the chip area, the 
light transmitted through the nanogaps and the illumination background can be easily 
separated even for millimetre-sized beam spots. It has been demonstrated that funneling 
of THz radiation through 1-nm gaps leads to unprecedented field enhancement factors of 
25,000, corresponding to intensity enhancement factors of 6.25×108.  
4.4 Conclusions  
This chapter introduces the characterization of nanogaps using optical measurements in 
the visible, near infrared, mid infrared, and THz regimes. The near infrared waves pass 
through a single nanogap with dimensions as much as 1295 times smaller than the free-
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space wavelength, and an effective refractive index as high as 17.8 at visible frequencies 
is observed in the visible regime. Pushing the gap dimension towards angstrom scale 
enables wafer-scale investigation of quantum-mechanical nonlocal effects at optical 
frequencies 11,102-104, optical rectification, 24 and inelastic electron tunneling excitation of 
plasmons 7,105. Furthermore, by inserting molecules, nanoparticles or optically active 
materials in vertically oriented nanogaps, one could dramatically the enhance light–
matter interactions over a wide spectral range, enabling a new generation of THz 
detectors 106 and leading to novel nonlinear phenomena.107 The centimeter-long nanogap 
made from the atomic layer lithography makes it possible to gather statistical data from 
analyte, such as molecules and quantum dots. The smooth top surface the nanogap 
substrate facilitates the integration with a large array of microfluidic channels. The 
resonance of the nanogap loops could be easily tuned across broad bandwidth by 
changing the geometries. Furthermore, by scaling up the nanogap loop length and 
packing density, it is even possible to study resonant transmission of microwaves through 
nanogaps108. 
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CHAPTER 5 
5. Nanogap-Enhanced Light-Matter Interactions 
The applications of nanogaps as platforms for enhanced light-matter interactions are 
discussed. Such applications include nanogap-enhanced infrared absorption, nanogap-
enhanced Raman scattering, thin film sensing, and nanogap-enhanced nonlinear optical 
effect, etc.  
5.1 Nanogap-enhanced infrared absorption 
The field confinement inside the nanogaps between two metal films enables many 
applications as stated in the previous chapters. One of major applications of the strong 
field is spectroscopy. As discussed in section 2.2.1, it is known that infrared absorption 
spectroscopy is an important analytical technique that complements the Raman 
spectroscopy to sense and acquire vibrational fingerprint information of molecules in a 
label-free manner.  
Previously, a wafer scale fabrication method that combines atomic layer deposition 
and template stripping is introduced to make the “U” shape buried nanogap structures. 
The buried nanogap structures are demonstrated to have strong resonance in the mid 
infrared confirmed by FTIR measurements. In this section, the application of buried 
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nanogap cavities as a SEIRE platform will be discussed. The topic covers the modeling 
of the nanogap cavity, inserting molecules, calculating of enhancement factor, and 
broadband mid infrared resonator sensor, etc.  
The following work is largely derived from the publication: 
1. Xiaoshu Chen, Christian Ciraciì, David R. Smith, Sang-Hyun Oh, “Nanogap-
enhanced Infrared Spectroscopy with Wafer-scale Arrays of Buried Plasmonic 
Cavities”, Nano Letter, 2015, 15, 107-113. 
My contributions: I conceptualized the idea and designed the process.  I performed all 
the fabrications, SEM imaging, optical measurements, and molecule sensing. I interpreted 
the results and wrote the paper.  
5.1.1 Modeling of buried nanogap cavity  
Modeling of the nanogap cavity is carried out by Christian Ciracì using COMSOL, which 
is finite-element based commercially available software. It is found that with metal stripe 
widths gradually changing from 500 nm to 1000 nm with 50 nm increment, the first FP 
resonance mode from each device ranges from 11 µm to 6 µm. The range covers the 
typical mid-IR fingerprinting region for molecules, as shown in Figure 5.1a. It also 
predicts that the strongest electric field of the first FP mode exists at the end facets of 
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each nanogap cavity, with a simulated field intensity (|E|2) enhancement of about 1600 
(Figure 5.1b).  
The modeling results suggest the applications of the buried nanogap array: tunable 
broadband nanogap cavities in mid infrared and molecules sensing using buried nanogap 
cavities, both of which will be discussed in this section.  
 
Figure 5.1 COMSOL modeling of gap plasmon in buried nanogap cavities. a, 
Modeling results of 5 nm gap with various metal stripe width with 50 nm interval. b, 
Electrical field distribution in the buried nanogap, showing the strongest electric field at 
the outlets of nanogap. 
5.1.2 Buried nanogap-enhanced infrared absorption 
The resonance of the first FP mode from each nanocavity is tuned in the mid IR by 
simply changing the width of the metal stripes. Usually, the measured spectral line widths 
from nano cavities with uniform nanogap cavity width are less than 1 µm, as shown 
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Figure 4.5 in the section 4.2.2. According to the modeling results in Figure 5.1a, if 
combine nanogaps with different cavity lengths, it is possible to create a plasmonic 
resonator that covers a broad spectral region of the mid IR fingerprint region. Similar 
ideas have been proved by other researches to obtain broadband resonance from 
engineered optical antennas109,110.  
We made a device with an array of metal stripes, with widths changing from 500 nm 
to 1010 nm at a 30 nm interval, as shown in Figure 5.2a. The spectrum from this laterally 
graded cavity resonator is shown in Figure 5.2b. Resonances from nanogap cavity with 
uniform metal stripe widths of 500, 600, 700, 900 and 1300 nm are also plotted in the 
same figure for ease of comparison. It can be seen that the device with graded 
nanocavities possesses a resonance 5-6 times wider than that from the single cavity 
length resonators. 
 
Figure 5.2 Buried nanogap cavities with broadband resonances in mid infrared. a, 
SEM of the nanogap cavity with graded metal stripe width. The zoomed-in SEM image 
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shows one section of the device wherein the metal stripe width increasing from 500 nm 
(bottom) to 1010 nm (top) at a 30 nm interval. b, FTIR spectra (purple line) measured 
from a graded nanogap cavity as shown in a (multiplied by 4 for ease of comparison).  
Spectra from 5 nm gaps with single width (500, 600, 700, and 900 nm) on one device 
(black, red, blue, and pink line) are plotted respectively in the same figure for comparison. 
The spectra is measured from an area about 130 µm by 130 µm, and covers about two 
repeats of the graded nanogap grating structure in a. 
To utilize the maximum near-field strength inside the gap for sensing application, the 
molecules should be placed inside the gap region, which is initially filled with the 
alumina film. To accomplish this, Buffered Oxide Etchant (BOE, HF: H2O = 1:10) is 
used to partially remove the alumina inside the nanogap (see Appendix A.9 for more 
details). After cleaning with DI water and drying with nitrogen, the sample is soaked in a 
2 mM benzenethiol (BZT) solution in ethanol for 24 hours to coat the exposed gold and 
silver surfaces with a monolayer of BZT molecules.111 Excess BZT molecules are then 
removed by cleaning the sample with flowing ethanol for two minutes.  
The spectra from BZT-coated samples are then measured with FTIR as shown in 
Figure 5.3a. By increasing the metal stripe width from 450 nm to 900 nm, the resonance 
position moves from around 6 µm to 11.5 µm. Six fingerprint absorption bands in the 
mid-IR for BZT covered by the resonances of our nanogap structures are observed:  
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1000, 1022, 1073, 1181, 1473, and 1575 cm-1. The first FP resonances from these devices 
overlap with some of the BZT absorption bands. Also shown is the spectrum measured 
from BZT coated bare silver surface. It can be seen that the absorption is greatly 
enhanced for molecules in nanogap cavities. Graded broadband nanogap cavity structures 
are also tested for BZT sensing. As shown in Figure 5.3b, the broadband resonance from 
a 3 nm gap graded nanogap cavity almost covers the full range of BZT absorption bands 
and also shows enhanced absorbance. Comparing to the nanogap cavities with narrower 
resonance, the broadband nanogap cavities cover broader spectral range and could 
provide more information in molecule sensing.  
 
Figure 5.3 Nanogap-enhanced infrared absorption. a, Sensing of benzenethiol using 3 
nm wide buried nanogap with various metal stripe widths. The black curve is the 
absorption of BZT molecules coated on a template-stripped silver film without any 
pattern. With nearly normal incidence of light, the absorption from BZT is below noise 
level due to the surface selection rule112. b, Sensing of BZT using the graded nanogap 
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structure with 3 nm gap size. The vertical gray dashed lines in a and b indicate the 
multiple absorption bands of BZT.  
The experimental spectra show asymmetric Fano-shape resonance for each absorption 
band overlaps with a gap plasmon resonance, which has also been observed by other 
researchers82,113-115. The behavior is demonstrated by modeling too.  The BZT monolayer 
is modeled as a thin dielectric layer, whose dielectric function is obtained as a sum of 
Lorentz oscillators that match the absorption resonances of BZT molecules. For clarity, 
however, the oscillator corresponding to the main resonance at 1473 cm-1 is modeled. As 
for the actual experimental sample, BZT molecules are intercalated roughly 3 nm into the 
gap (the depth is controlled by the BOE etching time) to increase the coupling between 
the molecules absorption bands and the gap-plasmon resonances.  
A set of modeling reflection spectra is calculated for different stripe widths as shown 
in Figure 5.4. As the resonance of the nanogap cavities is shifted across the BZT 
absorption resonance, a very distinct Fano-shape feature appears in the reflection spectra. 
The resonances are qualitatively identical to those shown in Figure 5.3a, and the shape of 
the Fano resonances depends on the relative position of the BZT absorption band with 
respect to the energy of the gap plasmon resonance. 
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Figure 5.4 Modeled Fano coupling between a BZT absorption band and the first 
order FP mode of gap plasmon resonance. The BZT absorption at 1473 cm-1 is coupled 
with gap plasmon resonance. The shape of the absorption changes as the plasmon 
resonance shifts. 
5.1.3 Infrared absorption enhancement factor 
The IR absorption measurements from nanogap samples are compared with the spectra 
obtained from reference samples (template-stripped flat silver surface) to calculate the IR 
absorption enhancement factor. We assume BZT molecules form a uniform monolayer on 
gold and silver surface both inside of the nanogaps and on the top metal surface, with a 
same packing density. To take the reference signal from a bare silver surface, the main 
bench of a Nicolet Series II Magna-IR System 750 FTIR is used. An incidence angle of 
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83° is chosen for the IR beam to satisfy the surface selection rule. The beam spot is an 
ellipse around 2 mm and 3 mm in conjugate and transverse diameter.  
The enhancement factor is defined as the absorption of BZT coated on nanogap 
devices comparing to the absorption of BZT coated on a bare silver surface:  
                                                           EF =    !!"#!!"# / !!"#$!!"#$                                  (5.1) 
where Nsurf  is the number of BZT molecules contributing to the absorption on a bare 
template-stripped silver film; Ngap is the number of BZT molecules contributing to the 
SEIRA signal, and Agap and Asurf  are the amplitudes of the absorption band of interests in 
the gap and on the template-stripped silver (area coverage ratio is one). Also, an angle 
correction 𝑠𝑖𝑛 (83°) is applied to Asurf. So the equation becomes: 
                                          EF =    !!"#!  ×!!×!"# / !!"#$!"#(!"°)×!×!!                    (5.2) 
where the D is the surface density of BZT monolayer on a metal surface, which is 
assumed to be the same for nanogap and template-stripped metal surface; L (=130 µm) is 
the width of the square aperture in the IR microscope; P (=3 µm) is the period of 
embedded nanogaps; and w is width of the nanogap. The depth of nanogap after BOE 
etching is assumed equal to the width of nanogap. So the surface area inside the nanogap 
for each embedded nanogap device is 4wL. S! is the area of the beam spot size of the IR 
beam in the main bench. The EFs calculated from nanogap cavities with 3 nm gap width 
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are shown in Table 5.1. It can be seen that the enhancement factors as high as 104-105 are 
calculated using the above definitions.  
 
Table 5.1 SEIRA enhancement factor for different nanogap cavity devices. The 
blanks in the table are the BZT absorption bands that are not overlapped with gap 
plasmon resonances and thus are not observable in the spectra. 
5.1.4 Discussions 
In summary, buried plasmonic nanocavity arrays with a minimum gap size of 3 nm are 
fabricated using atomic layer deposition and template stripping in wafer scale. These 
structures generate intense gap plasmons that boost near-field coupling of mid infrared 
radiation with molecules situated in the gaps, and enhance the IR absorption by 
approximately 5 orders of magnitude. As the hotspots of each nanocavity uniformly 
extend along millimeter-long lines, our substrates are robust against localized defects or 
!
Absorption*peak*(1/cm)
Template*
stripped*silver
Nanogap*cavity*
width*w=450*nm EF
Nanogap*cavity*
width*w=600*nm EF
1575 3.00EF05 0.00238 5.49E+05
1473 3.30EF04 0.00752 1.58E+05
1181 1.20EF04 0.0109 6.28E+05
1073 1.20EF04 0.00168 9.69E+04
1022 1.00EF05 0.00234 1.62E+06
1000 1.00EF05 0.00172 1.19E+06
EF
Nanogap*cavity*
width*w=900*nm EF
Nanogap*cavity*
with*graded*width EF
0.00077 4.46E+04
1073********************************0.00273 1.67E+05 0.00129 7.44E+04
1022********************************0.00278 1.94E+06 0.00242 1.66E+06 0.00226 1.56E+06
1000********************************0.00185 1.31E+06 0.00121 8.30E+05 0.00147 1.02E+06
AbsorpJon**on*
substrates*and*******
**********************EF*
AbsorpJon*
peak*(1/cm)*
Nanogap*cavity*
width*w=700*nm*
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contaminants, which helps to achieve more reproducible SEIRA spectroscopy. The ultra-
long plasmonic hotspots also facilitate practical sensing applications over large areas, in 
contrast to the point-like nanogap structures used in previous experiments. As with other 
template-stripped metallic nanostructures,76 the surfaces of these nanogap cavities are 
initially protected by a silicon template. The template provides a robust protection 
mechanism against contamination or degradation, and thus each chip can be stored for a 
long time and template-stripped on-demand, which is essential for the storage and 
dissemination of the devises. The vertical arms of the “U” shape cavity allow the 
coupling of incident light. The dielectric material in the vertical arms can be easily 
removed and backfilled with analyte molecules. These buried cavities are mechanically 
robust in further processing and the template-stripped planarized top surface facilitates 
integration with other devices. Note that smaller gap dimensions (down to 1 nm) should 
be achievable using ALD even though they are not needed for the molecular sensing 
experiments performed here. Our technique dramatically reduces the cost of fabrication 
for SEIRA substrates and provides new possibilities to carry out bio-molecular 
fingerprint sensing at mid IR frequencies. 
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5.2 Nanogap-enhanced Raman scattering 
Ultra-thin metal-insulator-metal nanogaps22-24,46,47 and ultra-sharp nano tips25,116,117 are 
demonstrated to be very effective plasmonic building blocks. Both structures can be used 
to tightly confine electromagnetic waves into nano scale volume to get strong local 
electric field for studies and applications such as nonlocal effect11, enhanced light-matter 
interactions118-120, high resolution imaging76, optical trapping121, and sensing122, etc. Here, 
the application of the complex structure, ultra-thin nanogaps fabricated on ultra-sharp tip 
of metal wedges introduced in section 3.3.2, will be discussed. 
My contributions: I did confocal Raman measurements on molecules coated complex 
nanogap structures with two lasers at different wavelengths, analyzed the data, and 
calculated field enhancement factor, etc. 
5.2.1 Confocal Raman scattering measurements 
The buried nanogaps on wedge tip are used as a surface enhanced Raman scattering 
platform. The alumina layer sandwiched between the two layers of metal has many 
outlets in the metal films, which serves as nano sized gap if the alumina is partially 
etched using wet etching (BOE). After partially removing alumina between metal (silver) 
layers, the complex nanogap samples are incubated in a 2 mM benzenethiol (BZT) 
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solution in ethanol for 24 hours to form a self-assembly monolayer of BZT molecules on 
the metal surface. The samples are then rinsed with ethanol spraying for 2 minutes to 
remove any excess BZT molecules. BZT is chosen because it is known as an efficient 
Raman scatter and its Raman spectra have been well characterized123.  
With a confocal Raman microscope, enhanced Raman scattering is observed from 
different XY planes at the different Z positions of the 3D structures.  An Argon ion laser 
at 514.5 nm is focused to diffraction-limit by an object lens and scanned at a plane across 
the wedge by sitting the sample on a XYZ scanning stage (schematic shown in Figure 
5.5h), where the scattered Raman signals are collected with the same objective lens and a 
fiber. The Raman signal is then being measured by a spectrometer.  
The Raman scattering intensity is strongly polarization-dependent124, as shown in 
Figure 5.5a-g. In figures 5.5a-d, the Raman images are collected at different Z positions 
(500 nm per step, from the bottom of the wedge to the tip of the wedge) in horizontal 
planes across the wedge and with the laser polarized perpendicular (P2; P1 is defined as 
the polarization of laser along the nanogaps) to the nanogaps on the tip of the wedge. The 
gap plasmons can only be excited with TM polarized light. So in each scan plane, the hot 
spots are observed at different positions on the wedge when the light is polarized across 
the nanogap on the 3D wedges.  
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Figure 5.5 Raman scattering from BZT on nanogap at wedge tip excited with 514.5 
nm laser. Raman intensity images on XY plane at multiple Z positions from nanogaps (5 
nm gap width) on wedge structure with laser polarized perpendicular to the nanogap a-d 
and parallel to the nanogap e-g. The Laser wavelength is 514.5 nm. h, Schematic of laser 
polarization and the layout of nanogap on wedge tip. i, Raman spectra at wedge tip from 
5 nm nanogap on wedge structure with laser polarized across nanogap (P2). The intensity 
images from a-g are generated by integration of the breathing mode of the BZT aromatic 
ring with 30 cm-1 spectral width. 
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As shown in the Raman intensity images in Figure 5.5e-g, the Raman scattering 
intensity at the nanogap on wedge tip with P2 polarized light is about 10 times stronger 
than illuminating with P1 polarization. The reasons for still observing SERS with laser 
polarization along to the gap are (1) the roughness of nanogap sidewall and (2) the 
lightning-rod effects from the sharp wedge tip. The Raman scattering spectra are shown 
in Figure 5.5i, where the spectra from nanogaps on the wedge tip and from bare wedge 
tip are compared with different polarized light. An enhancement factor of 104 is obtained 
by placing 5 nm nanogaps on wedge tip, in comparison to the Raman scattering of BZT 
coated on flat silver surface. The enhancement factor is also five times higher than the 
enhancement from a nanogap on flat metal surface.  
Though the structure is not designed to have a resonance at 514. 5 nm, enhanced 
Raman scattering is observed from nanogaps on wedge tips. To see if the enhancement is 
wavelength-dependent, the nanogap on wedge structures are also tested with a 753 nm 
laser.  The Raman intensity images and spectra are showed in Figure 5.6. Similarly, 
strong Raman scattering are observed from the non-resonance nanogap structures. It can 
be noticed that with a 753 nm laser, a red shift of Raman scattering is observed in 
comparison to the bulk Raman vibrations of neat benzenethiol, which is because the 
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adsorbed molecule changes its chemical structures by forming chemical bonds to metal 
surfaces125.  
 
Figure 5.6 Raman scattering of BZT from nanogaps on wedge tips excited with a 
753 nm laser. a, Raman spectra collected from 1, 2, and 5 nm nanogaps on wedge tips 
with laser polarized across nanogap (P2). The insert in a shows the Raman spectra from 
the same spot with laser polarized along the nanogap (P1). Raman intensity images on 
XY plane at different Z position in the nanogap on wedge structures with 753 nm laser 
polarized perpendicular to the nanogap are shown in b-d for gap size of 1,2 and 5 nm.  
It is interesting to notice that the Raman scattering increases as the gap size changes 
from 5 nm to 2 nm, and decreases as the gap size changes from 2 nm to 1 nm. One 
possible reason could be the size of BZT molecule (0.6 nm)126 is comparable to the 
nanogap width in 1 nm gaps. It is possible that only a single layer of BZT can be formed 
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inside the 1 nm wide gap. Furthermore, another reason could be the steric hindrance 
effect of molecules in an ultra-narrow gap127. When the concentration of BZT inside the 1 
nm gap is lower, the angle of the molecules to the normal direction of metal surface is 
larger than the angle formed in the higher concentration case. Due to surface selection 
rule, the interaction of TM polarized field with the molecules will be smaller. Also, the 
Raman scattering intensity in 1 nm gap is about half of that in 2 nm gap, which suggests 
that the field in the non-resonant 1 nm gap is comparable to that in the 2 nm gap. It is 
known that when the gap sizes decreases from 2 nm to 1 nm, non-classical effects, such 
as tunneling and nonlocal effect, start to play roles. Theoretical and experimental studies 
indicate that the field predicted from the non-classical model is usually smaller than the 
value predicated by the classical model when the nanogap size decreases from classical to 
the non-classical regime104,128.  
5.2.2 Raman enhancement factor 
The field enhancement factor of Raman scattering intensity from a 2 nm gap on the 
wedge tip is calculated using this equation： 
                                                                                                   EF!"#$%&$ ∝ !!"#$%&$  !!"#!!"#  !!"#$    (5.2) 
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where EF!"#$%&$ is the enhancement factor of Raman intensity in the nanogap on wedge 
tip. Raman scattering from neat BZT (Thiophenol, ≥99%, Sigma-Aldrich) in a quartz 
cuvette with 1 mm light path is measured as a reference. I!"#$%&$   and  I!"#   are Raman 
scattering intensities of the in-plane ring breathing mode coupled the to the ν   C− S  
(shift from 1092 cm-1 to 1065 cm-1) from BZT coated on the silver surface of nanogap 
sample45,129,130 and from the neat liquid BZT sample respectively, by subtracting the 
Raman scattering intensity at 900 cm-1 (as background). N!"#$ is the number of BZT 
molecules in the laser spot area on metal surface plus the area inside the nanogaps for 
calculating the averaged enhancement factor, or it is the number of molecules in the area 
inside the nanogaps for calculating local enhancement factor. N!"# is the number of BZT 
molecules in the laser focus volume in the neat liquid BZT. For 2 nm gap on wedge tip, 
the average enhancement factor is about 104, and the local enhancement factor is as large 
as 107 ~ 108. Refer to Appendix A. 10 for more details about the definition of the average 
and the local enhancement factors. 
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5.3 More discussions of nanogap-enhanced light-matter interactions  
5.3.1 Nanogap-enhanced THz and thin film interactions 
Thin film sensing in THz range has been limited by the small interaction cross-section 
due to the huge mismatch of THz wavelength and the thin film thickness. SPR sensing in 
the visible regime can easily detect resonance shifts upon 1 nm thick or sub- 1 nm change 
in film thickness131. However, with THz-TDS, the minimum detectable film thickness is 
a few microns for common dielectric materials, such as photoresist and 
polydimethylsiloxane (PDMS)132-134, and a few hundred nanometers for materials that 
absorb THz radiation such as water and DNA135. Various schemes including waveguide, 
slot antenna, and metamaterials have been employed to enhance the interaction of THz 
waves with thin films. However, the detection of nanometer-thick films has never been 
demonstrated before.  
 Another interesting thin film, graphene, has attracted a lot of interests in the past two 
decades136. It is a one-atom-thick fabric of carbon with very high electronic and thermal 
conductivities, mechanical strength and unique optical properties. The applications of 
graphene include flexible electronics137, high frequency transistors138, photon detectors139, 
optical modulator120,140, sensor141, and energy storage142,143, etc. Besides graphene, there 
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are many other interesting 2D materials, such as boron nitride (BN)144 and molybdenum 
disulphide (MoS2)145. In the aspect of interaction with light, there is a huge mismatch of 
the atomic scale thickness of the 2D materials and the much larger wavelength of light. 
Especially for THz waves, normally with millimeter wavelength, the interaction of THz 
and graphene is extremely weak146.  
Atomic layer lithography fabricated nanogap arrays and centimeter long nanogaps are 
particularly useful for thin film sensing in THz waves. Sensing of 1 nm thick thin film 
and the enhanced interaction between graphene and THz waves are demonstrated using 
nanogaps. More information about these applications can be found in these 
references47,120,122. 
5.3.2 Nanogap-enhanced nonlinear optical effect 
Plamsonic nanostructures have the potential to incredibly enhance the local electric field 
of light, thus can greatly enhance the usually very weak higher order nonlinear optical 
effects, such as second harmonic generation147 and third harmonic generation148. 
Furthermore, as the distance of the two metal films is reduced to less than 5 nm, the 
classical nonlocality149 effect starts to play a role. Through collaboration with Prof. David 
R. Smith’s group at Duke University, the applications of the planar nanogaps in study of 
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nanogap enhanced third harmonic generation and nonlocal effect are demonstrated. More 
details can be found in references71,72.  
5.4 Conclusions 
The applications of nanogaps for enhanced light-matter interactions, including surface 
enhanced infrared absorption and surface enhanced Raman scattering, are demonstrated 
in this chapter. It can be seen that our unique fabrication schemes provide effective 
methods to make nanogap structures for these applications. The atomic layer lithography 
is very straightforward to disseminate and could be easily adopt by interested researchers. 
By removing one of the largest obstacles in nanofabrication, our new patterning 
technique will boost the throughput of experimental studies and help to accomplish 
practical applications of ultra-strong light-matter interactions in nanogaps. Furthermore, 
nanogaps can be easily integrated with electrical contacts, and such devices can be used 
for studying light-induced quantum-mechanical tunneling, nonlocal electrodynamics, and 
applications such as mid-IR wave detection and emission61, as well as investigation of 2D 
materials such as graphene and MoS2120. 
 95 
CHAPTER 6 
6. Electrical Applications of Nanogaps  
As discussed in previous chapters, vertical nanogap structures are particularly suitable for 
electrical applications. When the two electrodes are only a few nanometers apart, the 
electric field inside and near the nanogap area can be greatly enhanced and thus lead to 
many applications.  In this chapter, I will discuss the utilities of vertical nanogap and 
planar nanogap structures to enhance local electric field for applications such as 
dielectrophoresis and tunneling-induced light emission. The work is not published yet 
until the submission of this thesis.  
My contributions: I designed the electrodes to electrically address the vertical and 
planar nanogaps, and also developed lithography fabrication scheme and fabricated the 
devices. I also carried out light emission measurements.  
6.1 Dielectrophoresis 
In this section, the background for dielectrophoresis (DEP) is briefly introduced. Then the 
method and the process to fabricate electrical addressable nanogap structures for DEP 
applications are discussed in detail.  
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6.1.1 Background of dielectrophoresis 
Dielectrophoresis is the movement of polarizable particles in the presence of a non-
uniform electric field. DEP forces originate from the differences between the dielectric 
properties (conductivity and permittivity) of the particles and the medium environments. 
The force that a particle experiences in an electrical field is given by   
 F!"!# = qE+ m∇ E+ !!∇ Q:∇E +⋯                 (6.1) 
The first term describes the Columbic interaction between the net charge of the particle 
and the electrical field E. If the particle is not charged or the net field is zero, the first 
term is zero. m and Q are the dipole and the quadruple force components. The two 
additional terms are the interactions of the particle and the electric field, which are not 
zero when the field is spatially non-uniform (∇E ≠ 0).   
From equation 6.1, the time-averaged DEP force on a sphere particle is given by:  
 < F t >= 2  πε!∗ r![Re f!" ω ∇E! + Im f!" ω E∇φ ]         (6.2) 
here, r is the radius of the sphere. f!" ω  is the complex Clausius-Mossotti function and 
is defined as 
!!∗ ! !!!∗ (!)!!∗ ! !!!!∗ (!), where ε!∗ ω  and ε!∗ ω  are frequency dependent complex 
permittivities of the particles and the environment medium, respectively. Since f!" ω  is 
frequency dependent, the net DEP force is also frequency dependent. The sign (negative 
or positive) of the real part of the f!" ω  decides whether the particles being pushed 
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away (negative DEP) or trapped (positive DEP) toward the electrical field maximum or 
minimum. The sign of the imaginary part of the f!" ω  determines whether the particles 
being pushed in the same or opposite directions to which the field is traveling. The 
strength of the force also depends on the particle shape, size, the frequency, and the 
magnitude of the electric field, indicating the possibility of selective manipulation of 
different particles. Furthermore, the detection of low concentration analyte depends both 
on detection devices and transportation of the analyte towards the devices. Usually, 
diffusion dependent detections take many hours. However, with DEP forces, the 
diffractive limit can be exceeded and the responsible time of the detection can be speeded 
up enormously. So the DEP forces are widely used to study, manipulate, transport, and 
sort various types of particles. More details about DEP can be found in this references150.  
From equation (6.2), it can be seen that larger electric intensity gradient helps to 
achieve stronger dielectrophoresis forces. One method to get large gradient is to 
minimize the geometry of the electrode. Structures such as metallic tips151, micro/nano 
scale gaps152, and sharp electrode edges are fabricated to enhance the DEP forces. There 
have been many methods to fabricated electrode structures, however, the method to make 
chip scale devices with nano-sized distance between two electrodes are still not available. 
Here, our centimeter long nanogap substrate, which is described in section 3.1.2, will be 
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introduced as a practically suitable substrate for making electrodes with nano-sized 
distance to enhance DEP forces.  
6.1.2 Fabrication of chip scale electrically addressable vertical nanogaps 
The centimeter long nanogap fabricated by the method described in Chapter 3 is used as a 
substrate to fabricate the chip scale electrodes. On each chip, there is a centimeter long 
rectangle nanogap loop patterned with alignment marks, which can be used for further 
photolithography. In the photolithography process, first, negative resist is coated on the 
nanogap substrate. To bake the resist, the temperature of the hotplate should not be higher 
than 100 ºC to avoid deforming of the nanogap. Then electrode patterns are defined by 
patterning the negative resist, as shown in Figure 6.1a. The exposed metal is then etched 
away using ion mill etching. At last, the mask resist is removed in a solvent (1165 
Remover) to expose the nanogap between the patterned electrodes, as shown in Figure 
6.1b. The detailed fabrication process is further discussed in Appendix A.3.  
As shown in Figure 6.1c, hundreds of electrode patterns can be fabricated on the 
centimeter long nanogap substrate. The black dot line in the figure indicates the position 
of the nanogap. Figure 6.1 d and e show the photographs of the fabricated devices. The 
zoomed-in figure clearly shows that every two metal electrodes are separated by one 
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nanogap. Nanogap arrays with 30 nm gap in width are fabricated using the above-
mentioned process. The current voltage (IV) curves of the nanogaps are tested to confirm 
the insulation of nanogap using a HP 4145A semiconductor analyzer and a Signatone 
probe station. For 30 nm thick alumina film inside the nanogap, the measured current is 
below the noise level of the measurement setup at a bias voltage as large as 20 V, which 
is already larger than the usual applicable working voltage for DEP trapping applications.  
 
Figure 6.1 Photographs of a chip design and the fabricated chip with electrically 
addressable nanogaps.  a-c. Fabrication process and the pattern design for an array of 
electrically addressable nanogaps. d. Optical microscope image of electrically 
addressable nanogap array on a glass substrate. e. Zoomed in optical microscope image 
showing three nanogaps with patterned electrodes. The width of the nanogaps is 30 nm.  
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6.2 Tunneling-induced light emission from planar nanogaps 
6.2.1 Background of tunneling-induced light emission 
People have observed tunneling-induced light emission when electrons tunnel across a 
very thin dielectric film7,153, however, at a very low efficiency. The mechanism of the 
light emission evolves the interplay between the fundamentally quantum-mechanical 
process of tunneling and the very strong optical and electrostatic fields within a single 
digit nanometer-sized gap — a regime that nonlinear and non-equilibrium effects 
dominate154,155. The understanding of this extreme regime is limited by the difficulty to 
make controllable, large-scale, and sub-nanometer gaps between metal surfaces. 
Tunneling-induced emission has been measured between metal surfaces and scanning-
tunneling-microscope tips105,156. The geometry provides very small gaps and allows 
precise control over the gap size, but only emits at a single point with very weak signals, 
which limits the quantitative understanding of the tunneling-induced light emission 
process.  
Here we try to use the planar nanogap (stack of metal-insulator-metal films) arrays 
created by the method described in Chapter 3 to study tunneling-induced light emission. 
The dielectric film that the electrons tunneling through is the ultra thin alumina film in 
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the nanogap.  This section will explore four different designs to make nanogap for 
tunneling-induced light emission. The planar nanogaps are patterned into an array that 
expects to help to couple light out from the nanogaps. Systematically investigations are 
carried out to study the turn-on voltage, efficiency, and lifetime of the devices with 
different dielectric thickness and different substrates. The arrays of nanogap are designed 
to study how the efficiency of tunneling-induced emission is affected by the geometry of 
the array, such as period, line width, etc. 
6.2.2 Tunneling-induced light emission chip fabrication and preliminary results 
Four different designs of the samples are fabricated and tested for tunneling-induced light 
emission measurements. Two tungsten probes are used to electrically connect to the 
patterned electrodes and apply direct voltage across the nanogaps.  
Sample A: Template strip metal (gold) lines (40 nm in thickness, 2~3 µm in width) in 
epoxy, as electrode one; coat the sample with 5 nm alumina using ALD at low 
temperature; then deposit a second layer of gold (43 nm in thickness) using sputtering by 
partially exposing the electrode fingers. A third gold film with adhesion layer is deposited 
by sputtering only on top of the second gold film to serve as electrode two. The two 
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selective sputtering deposition processes are realized by covering part of the pattern with 
cover glass slides.  
By applying a bias voltage across the nanogap, it is found that the turning on point for 
5 nm alumina thick nanogap device is 3.7 V. When increasing the voltage to 3.8 V or 
higher, the light emission becomes stronger. After the voltage being increased to 4.1 V, 
the device emitted light for about 15 minutes and broke down.  
 
Figure 6.2 Schematic of sample A and tunneling-induced light emission 
measurement. a, micrograph of planar  gap formed between template stripped metal film 
and micro sized pattern array. The insert is schematic of sample A, where the purple color 
is 5 nm thick alumina; and elec.1 is 43 nm thick template stripped gold film; elec.2 is 40 
nm deposited gold film. b, Light emission observed at 4.0 V showed in false color (The 
insert shows the CCD image of light emission). c and d, micrographs of planar gap after 
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light emission measurement, showing the deformation of the nanogap due to the melting 
of epoxy. 
The template stripping method provides an ultra-smooth metal surface, thus we can 
get more uniform nanogap between the TS gold and the secondly deposited gold film. 
However, the epoxy is melted or deformed due to the heat generated by tunneling 
induced current. As shown in Figure 6.2 b and d, the epoxy is melted in the patterned 
gold area, without emitting light after the deformation. The areas where epoxy doesn’t 
melt emit most of the light. This is due to the heated generated from the tunneling 
induced current. The overheat issue could possible be solved by sitting the sample on a 
more heat conductive substrate. For example, instead of using glass as substrate, more 
heat conductive substrate should be used.  
To avoid the problem of epoxy and also to see if ultra smooth metal surface is 
necessary for light emission, nanogaps are made on direct deposited metal in sample B.  
Sample B: Instead of using template stripped ultra smooth surface, gold lines (40 nm 
in thickness) are patterned on silicon wafer as the first electrode. Following with the ALD 
(3 nm alumina), a 35 nm gold film is deposited as the second electrode. Sample B and the 
light emission results are shown in Figure 6.3. After applying a voltage, the device starts 
to emit light at about 1.5 V. Most of the light emitted from the nanogap grating area. 
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Though the device emits more light as the voltages increases, the emitted light is so weak 
that the CCD needs to work in single photon counting mode to detect the light. And the 
signal is too weak to allow spectroscopy measurement. For the device with 3 nm alumina 
layer inside the gap, it starts to break down at about 2.1 V. 
 
Figure 6.3 Schematic of Sample B and tunneling-induced light emission 
measurement. a, micrograph of planar  gap formed between metal film and nano sized 
pattern array. The insert is schematic of sample B.  b and c, CCD image and false color 
image of light emission observed at 1.9 V. 
To test the lifetime of the device, the biasing voltage is fixed at 1.9 V, and at the 
meanwhile the emitted light is recorded using a CCD camera. The lifetime of the device 
is longer comparing that of sample A – with epoxy at the substrate. However, within one 
hour, the device with 3 nm thick alumina tunneling junction is broken, , as shown in 
Figure 6.4.  
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Figure 6.4 Light emission lifetime of sample B. 
Sample C: Instead of using silicon as the substrate in sample B, for sample C, gold 
lines (30 nm in thickness) are patterned on glass slide as first electrode. Similarly, 
following with the ALD (5 nm alumina) and 30 nm gold deposited as second electrode.  
The emitted light is collected from both sides of the sample, as shown in the Figure 
6.5. Similarly, the turn on voltage is 3.5 V for the 5 nm thick alumina film. More light is 
observed from the grating area, as shown in Figure 6.5 c and d.  The observed light is 
stronger in the pad area than that in the connection area, mostly due to the reason that the 
light in the connection area is distributed to both sides of the sample, while in the pad 
area, most of the light is transmitted to the topside of the sample.  
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Figure 6.5 Schematic of sample C and tunneling-induced light emission 
measurement. a-b, schematic of sample C showing the top and cross-section in the 
patterned grating area of the planar nanogap. c-d, light emission observed from the metal 
side of the sample and from the glass side of the sample.  
Sample D: Similar to sample B, except that in Sample D a gold film (55 nm) with 
adhesion layer is deposited underneath the patterned gold lines, shown in Figure 6.6a and 
b. A gold film is deposited before patterning of the grating, in the purpose of reflecting 
more emitted to the top of the sample. The alumina thickness inside the nanogap is 5 nm. 
Similarly, the turn on voltage for the sample with 5 nm thick alumina film is 3.5 V.  
However, it can be seen that from Figure 6.6c, the efficiency of light emission is still 
quite low.  
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Figure 6.6 Schematic of sample D and tunneling-induced light emission 
measurement.  
In this section, four different sets of planar nanogap samples are fabricated to study 
tunneling-induced light emission through nanogaps. It is demonstrated that for alumina 
thickness of 5 nm, the quality of alumina is consistent throughout different sets of 
samples. It is also noticed that the quantum efficiency and lifetime of the device are still 
low. Possible reasons might be the contamination of gold film during patterning and 
pinholes in ALD deposited films, etc. 
6.3 Conclusions 
In this chapter, fabrication and applications of electrically addressable nanogaps are 
discussed. The centimeter long nanogap is demonstrated as a very convenient substrate to 
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make chip scale platforms for manipulation of nano particles, which could lead to many 
applications in the biomedical applications. Furthermore, various designs have been 
tested to fabricate samples for tunneling-induced light emission. The experimental 
experiences can be very helpful for further study in this area.
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CHAPTER 7 
7. Summary and Future Directions 
This chapter summarizes the nanogap research introduced in the previous chapters and 
discusses several future research directions. 
7.1 Summary 
This thesis presents new fabrication methods based on atomic layer lithography to make 
metal–insulator –metal nanogap structures and introduced the applications of the nanogap 
structures for enhanced light-matter interactions. My research focuses on design, 
fabrication, and characterization of the nanogap structures, which enable light to be 
squeezed into nanometer-scale volumes and create high intensity hot spots. The vertical 
and buried nanogap arrays are demonstrated to have huge field enhancement inside and at 
the vicinity of the nanogap area, demonstrated both by experimental measurements and 
modeling. This extreme confinement of light is applied to areas such as optical sensing of 
molecules, thin film sensing, optical electric field enhanced spectroscopy, and active 
manipulation of nano materials, etc.  
The ALD-based patterning techniques remove one of the largest obstacles to the 
experimental studies and real world applications of the enhanced light-matter interactions 
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in the tightly confined optical fields. Those techniques are also wafer scale, high 
throughput, and low cost fabrication methods, which could open up the possibility to the 
regime where tunneling-induced emission and optical rectification become significant. It 
is expected that these new fabrication techniques and knowledge gained from such 
structures will directly and indirectly benefit the future work on harnessing optical energy 
inside nanostructures and electronic chips. 
7.2 Future directions  
7.2.1 Electrically addressable nanogap fabrication and applications 
As discussed in Chapter 6, electrons tunneling through a nanometer-thick dielectric film 
in the nanogap structure can emit light. Our atomic layer lithography method is a possible 
solution to the challenge of the study and applications of the tunneling-induced light 
emission by providing an easier and more controllable way to make electrically 
addressable nanogaps. Besides tunneling-induced light emission, various other 
applications can be developed from electrically addressable nanogaps, such as electrically 
controllable optical interaction of light with nano materials.  
In this section, a possible solution to make planar nanogap structure for tunneling-
induced light emission will be discussed. And then another electrically addressable 
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vertical nanogap structures will be fabricated, on which the electrical bias, light and nano 
materials can be easily applied to the substrate to enhance the interaction between the 
electrical filed and the interested nano materials.  
First, to make electrically addressable planar nanogap, one possible method is to 
combine stencil lithography, template stripping and ALD. Template stripping and atomic 
layer deposition provide ultra-smooth metal surface and ultra-thin dielectric film. Stencil 
lithography is a method that uses a shadowing mask (stencils) with nano/micro meter size 
apertures. As a simple and parallel lithography method, there is no need for resist 
processing or heating of the substrate. With a prefabricated shadowing mask, planar 
nanogap structures could be easily made on the prepared substrate, i.e. dielectric layer 
coated ultra-smooth metal surface.  
As shown in Figure 7.1a, grating patterns are made on a suspended silicon nitride 
(Si3N4) film on top of a silicon wafer as stencils. Then the stencil is put to a close contact 
to the alumina coated template-stripped gold film. A thin gold film is deposited through 
the stencil, showing in Figure 7.1b. It can be seen that not only the open area is deposited 
with gold, areas around the pattern areas are also deposited with small gold particles, 
mostly due to the shadowing effect.  For stencil lithography, proper distance between the 
stencil and the substrate is a critical parameter to nicely replicate the pattern on the 
 112 
shadow mask. The deposition method is critical too. Usually, more directional deposition 
tools, such as an e-beam evaporator, work better than a sputtering machine. The 
temperature of the substrate also affects the deposition of metal. Hot substrate always 
provides more energy to the deposited metal particles and results in spreading of the 
metal deposition. Those parameters should be carefully controlled in the future study. 
More details about the fabrication process are described in A.9. 
 
Figure 7.1 Preliminary results of planar nanogap fabricated by stencil lithography. 
a, Suspended silicon nitride film made by e-beam lithography and reactive ion etching. b, 
Au stripes deposited on top of alumina coated ultra-smooth template-stripped gold film.  
Stencil lithography could be an alternative way to make planar nanogap structures 
rather than using e-beam lithography (described in section 3.3). The method not only 
avoids the expensive and complicated e-beam lithography, it also eliminates possible 
contaminations to the dielectric layer, for example, leaving a thin layer of resist residue if 
otherwise using lithography method to pattern the top metal layer. For an ultra thin 
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nanogap, the resist residue thickness could be comparable to the thickness of the thin 
dielectric layer.  
Another possible future study is to make electrically addressable vertical nanogap 
array. Besides the nanogap with electrodes fabricated from a linear chain of nanogaps as 
discussed in section 6.1, annular nanogap arrays can be fabricated to satisfy different 
applications. As shown in Figure 7.2a, electrodes for annular nanogap array are 
fabricated. First, annular nanogap array is made on glass substrate with atomic layer 
lithography. The annular nanogap array is then used as a substrate for further patterning 
of electrodes. As shown in the insert of Figure 7.2a, the schematic of the structure shows 
a more clear view, where an electrode is patterned to reach the metal (2nd metal layer in 
atomic layer lithography) inside each annular nanogap. There is a thick insulator layer 
(200nm in thickness, purple color in the insert figure) – silica, deposited by e-beam 
evaporation – to completely insulate the electrode that connects 1st metal layer and the 2nd 
metal layer. Figure 7.2b shows the SEM of an electrically addressable annular nanogap. 
After lithography, the device is optically tested. As shown in Figure 7.2c-e, with random 
polarized light, the whole annular nanogap transmits light  (except the area being covered 
with patterned metal as electrode). With linear polarized light, only the nanogap area that 
is perpendicular to the polarized light transmits light, which demonstrates the excitation 
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of gap plasmon inside the nanogap. The IV curve of the devices are also measured, 
showing good insulation between the metal films inside and outside of the annular 
nanogap, with alumina thickness around 10 nm and above. 
                       
Figure 7.2 Preliminary results of electrically addressable annular nanogap array. a, 
Optical microscope image of electrically addressable annular nanogap array. The insert 
shows the design of the electrodes. b, SEM of electrically addressable annular nanogap. 
c-e Optical transmission measurement shown the function of the annular nanogap.  
7.2.2 Nanogap dimer fabricated with FIB 
Using atomic layer lithography, it is quite easy to make nanogaps in large scale. The 
metal films at both sides of the nanogap can be removed by FIB, to make nano antennas 
with a gap (also called nano antenna dimer) in between. Different shapes and sizes of 
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nano antenna dimers are widely used as a plasmonics platform to enhance light-matter 
interactions. Comparing to nanogap structures with continuous metal film, the nanogap 
between two nano dimers has it own advantages. One example is if the nano particles are 
designed in right size, its local surface plasmon resonance could be coupled to gap 
plasmon, which might infer even higher field enhancement.  
 
Figure 7.3 Preliminary results of nanogap dimers fabricated from atomic layer 
lithography fabricated nanogap. a, 20 nm gap between two gold films. b-d, The metal 
around the nanogap is removed by FIB milling. The scale bar in each figure is 100 nm.  
The nanogap structures fabricated with atomic layer lithography are extremely 
suitable to make dimer structures. Furthermore, hybrid nano antenna dimer can be made 
if different metals are deposited during atomic layer lithography. Figure 7.3 shows some 
preliminary results of using FIB to remove the surrounded metal. During FIB milling 
process, the metal at the corners of the pattern is rounded due to the damage from ion 
 116 
beam milling. Instead of using FIB, e-beam lithography can be used to pattern resist as a 
mask for etching, and then the metal around can be removed by ion milling etching or 
wet etching methods.  
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Appendix A 
Fabrication Methods and Recipes 
A.1 Atomic layer deposition and deposition rate calibration. 
High temperature (at 250 ºC) ALD recipe: Typical rate 1.1 Å / cycle 
1. Purge chamber with N2 20 sccm for 20 seconds 
2. Water vapor pulse last for 0.015 seconds 
3. N2 purge for 5 seconds 
4. TMA pulse last for 0.015 seconds 
5. N2 20 sccm purge for 5 seconds 
6. Go back to step 2 and repeat until reach the desired thickness. 
 
Low temperature (at 50 ºC) ALD recipe: Typical rate 1.0 Å / cycle 
1. Purge chamber with N2 for 20 seconds 
2. Water vapor pulse 0.035 seconds 
3. N2 purge last for 20 seconds 
4. TMA pulse for 0.035 seconds 
5. N2 purge for 20 seconds 
6. Go back to step 2 and repeat until reach the desired thickness. 
Preparation of ALD calibration sample on template stripped silver is shown in Figure 
A.1. Other methods to calibration of ALD deposition rate include measurement using 
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standard method in ellipsometry, AFM, SEM top view and cross-section view, and TEM 
cross-section view of the nanogap. The fabrication processes of the AFM and TEM 
samples to calibrate ALD deposition rate are discussed below.  
AFM sample preparation 
A step in ALD deposited alumina film is created on template-stripped ultra-smooth silver 
film. AFM is used to scan an area across the step to measure the height of the step, i.e. 
the alumina thin film thickness. 
                         
Figure A.1 Fabrication process of AFM sample for ALD deposition rate calibration. 
From top to bottom, first a silver film is deposited on a clean silicon piece, and then the 
silicon piece is partially removed by stripping. In this case, the silver underneath the 
remained silicon piece is under protection in the following ALD deposition process. The 
whole sample is then coated with alumina using ALD. At last, the remained silicon piece 
is removed by template stripping. And then the sample is ready for AFM scan. 
TEM sample preparation 
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 A lamina of the Au/alumina/Au structure is cut from a nanogap at one side of the 
rectangular nanogap loop by FIB milling. The lamina is picked up using an OmniProbe 
nanomanipunator inside FIB and is attached to a TEM grid. The lamina is further thinned 
with FIB milling to lesser than 100 nm for imaging by TEM (JEM-ARM200F, JEOL). 
 
Figure A.2 TEM sample preparation: cut a thin lamina through a nanogap with FIB 
and then pick the thin lamina, which contains a nanogap, by an Omni probe.  
A.2 Atomic layer lithography 
1. Process for photolithography on glass substrate 
Clean Pyrex glass wafer: soak in fresh H2SO4: H2O2= 1: 1 for 10 minutes, then clean 
with running DI water for 5 minutes, then dry with a wafer drier; 
Dehydrate on hot plate at 200 ºC for 5 minutes; 
Spin coat NR71-1500P at 3000 PRM for 45 seconds for resist thickness about 1.6 µm; 
Bake on hot plate at 150  ºC for 90 seconds (or 2 minutes); 
Ma6, contact aligner, exposure 27 seconds (17 to 25 sec), 20 µm gap between mask 
and substrate, hard contact mode; 
Bake on hot plate at 100 ºC for 90 seconds; 
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Develop in developer RD 6 for 23 seconds (or 20 seconds); 
Descum with STS RIE with condition:  (O2NILOW) O2 100 sccm, 50W, 100 mTorr, 
for 20 seconds. 
2. Metal deposition (Gold with a Ti or Cr adhesion layer, or silver alone) with Temescal,  
    at a deposition rate of 1 Å / second. 
3. Lift off with 1165 remover overnight, and then gentle sonication for 5 minutes. 
4. Clean the sample with Acetone, methanol, and isopropyl alcohol. 
5. Deposit alumina by ALD. 
6. Metal deposition with Temescal, at a deposition rate of 1 Å / seconds. 
7. Apply 3M Scotch Magic Tape to peel off the excess metal on top of the pattern to  
    expose nanogaps.  
A.3 Chip scale nanogap devices with electrodes 
1. After peeling off the top metal layer from the centimeter long nanogap sample, cover    
    one gap at the side of the rectangular nanogap ring with cover glass slide, and expose  
    the other nanogap, as shown in the figure A.3 below; 
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Figure A.3 Sacrifice one gap by depositing a 3rd metal layer. The purpose is to make 
electrical connection between the 2nd metal to the electrode, which will be patterned in 
the 1st metal layer in the following processes. The third metal is deposited by sputter 
using a cover glass slide to cover  (protect) one nanogap (Cover glass is used here to 
avoid another lithography.) and sanctifies the exposed gap.  
2. Sputter Au with adhesion layer (3.5 nm Ti (rate: 7nm/min, 30 s) and 72 nm Au (rate:   
    43 nm/min, 100 s)) using AJA II to make connection over one nanogap to electrically     
    connect the first metal and the second metal layers deposited in the atomic layer  
    lithography process;      
 
Second photolithography to make electrical connection:                                               
 
Figure A.4 Photolithography on a nanogap substrate to define electrodes.   
 3. After sputtering, remove any tape residues on the samples by Acetone, Methanol and 
IPA. Use Q-tips to help if necessary; 
 4. Bake the chip on a hot plate at 100 ºC for 2 minutes; 
 5. Spin coat: NR71-1500P, 3000 RPM for 45 seconds; 
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 6. Pre-bake on hot plate 100 °C for 4 minutes for 30 seconds. Lower temperature is   
     preferred to avoid deforming of nanogaps; 
 7. Exposure with Ma6 for 18 seconds, hard contact mode, with 20 µm gap;  
 8. Post bake at 100 ºC for 90 seconds; 
 9. Develop in RD6 for 20 seconds, followed by soaking in water for 3 minutes; 
10. Remove residual resist on the samples with STS etcher using O2Clean (O2 100 sccm,  
100 W, 100 mTorr), for 30 seconds; 
11. Etch through the exposed metal (Gold etch rate ~ 162 nm / min, alumina etch rate ~ 9     
nm/min) using ion mill etcher, with the resist as etching mask;  
 
Figure A.5 Top view of the patterns after ion mill etching (top) and after remove 
resist (down). The thin alumina layer (purple color) shows that the nanogap insulates two 
metal electrodes.  
12. Soak the sample in 1165 remover for about 10 minutes to remove resist. The solvent 
can be heated to about 90 ºC to aid the removal process;  
13. Check the electrical connection before adding fluidics. 
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A.4 Buried nanogap 
1. Lithography with Canon Stepper 
Clean silicon wafer: soak in BOE for 10 seconds to remove native oxide, clean in 
running water for 5 minutes; soak in fresh H2SO4: H2O2= 1: 1 on a hotplate at 125 ºC 
for 10 minutes, then clean with running water for 5 minutes, then dry the wafer with a 
wafer dryer; 
Dehydrate on hot plate at 200 ºC for 5 minutes; 
Bake on a hot plate at 110 ºC for 60 seconds; 
Immerse in HMDS vapor for 2 minutes to promote adhesion between wafer and resist; 
Spin coat resist MiR 701 at 4000 RPM for 30 seconds; 
Soft bake at 110 ºC for 60 seconds; 
Exposure with Stepper at a dose of 210mJ/cm2 and focus = 0; 
Develop in developer CD26 for 33~35 seconds; 
    Descum with STS RIE with O2NILOW (O2 100 sccm, 50 W, 100 mTorr), for 20  
    seconds. 
2. Deposit metal (Au) with CHA or Temescal. 
3. Lift off the metal in acetone for a few hours; 
4. Remove any organic residue (descum) with STS RIE with O2Clean for 30 seconds;  
5. Coat the sample with ALD alumina for desired thickness; 
6. Conformal metal deposition use CHA (with planetary fixture) or AJA II sputter; 
7. Apply epoxy (NOA 61, Norland Products Inc.), expose to UV light for 15  
    minutes, and cure on a hot plate at 55 ºC over night (more than 12 hours).  
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A.5 Nanogap on wedge 
1. Process to make wedges in (110) silicon wafer: use 100 nm / 200 nm Si3N4 on top   
    of  silicon wafer as etching mask.  
Dehydrate on a hot plate at 200 ºC for 5 minutes; 
Bake on a hot plate at 105 ºC for 90 seconds; 
Immerse in HMDS vapor for 2 minutes to promote adhesion between wafer and resist; 
Spin coat SPR955, 0.7 cm at 4000 RPM for 30 seconds; 
Soft bake 110 ºC for 60 seconds; 
Exposure at dose: 135 mJ/cm2, focus = 0; 
Develop in developer CD26 for 60 seconds; 
Descum with STS RIE with O2Clean for 20 seconds; 
    Etch through the exposed Si3N4 with STS; 
Remove resist with STS RIE with O2Clean, for 4 minutes; 
Remove any organics using fresh H2SO4: H2O2= 1: 1 for 10 minutes; 
Clean with running water for 5 minutes, then dry with wafer dryer; 
Soak in 30% concentration KOH saturated with IPA at 80 ºC, for 30 minutes to 40  
minutes to etch into silicon to make wedges. 
2. Pattern in 3D substrate (buried nanogaps on wedge) 
Dehydrate the wedge patterned silicon piece on a hot plate at 200 ºC for 10 minutes; 
Soak in HMDS vapor for 5 minutes; 
Spin coat NR71-1500P at 500RPM for10 seconds, then at 3000RPM for 45 seconds; 
Prebake on hot plate at 150 ºC for 60 seconds;  
Exposure using Ma6 for 25 seconds, 20 µm gap, and hard contact mode; 
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Soft bake on hot plate at 100 ºC for 60 seconds; 
Develop in RD 6 for 25 seconds; (20 sec) 
Descum with STS etcher with O2Clean for 30 seconds; 
     Deposit metal with CHA or Temescal and lift off, to get metal stripes patterned in the   
     wedges;  
Deposit dielectric film on the sample by ALD to define nanogap size;  
Deposit a second metal layer two times thicker than the 1st metal layer by sputtering; 
Apply UV epoxy (NOA 61, Norland Products Inc.) to the Au surface, put a standard    
glass slide on top of it, cure the sample under UV light (360 ~ 370 nm) for 15 minutes,  
and cure the epoxy on a hotplate at 65 ºC for 12 hours; 
Template strip to expose the wedges and the nanogaps on top of the wedge tips. 
A.6 Planar gap e-beam lithography process 
Follow the above-mentioned process to clean a silicon wafer; 
Deposit 30 nm Au, with a rate of 0.1 Å /sec for 100 Å, then speed up to 1 Å  
/sec to get 30 nm Au film in total; 
Template strip following the above-mentioned process in A.5; 
Coat the sample with ALD alumina layer at 50 ºC with a typical rate of 1 Å/ cycle; 
Spin coat: PMMA A4, speed 4000 RPM, 30 seconds, soft bake in oven at 110 ºC for 1  
hour, mainly because the epoxy can not stand temperatures higher than 125 ºC;  
No conductive layer is needed, as there is a gold film at the bottom of resist. Expose  
dose depends on each pattern (does about 850-1100 µC/cm2, depends on pattern size,  
resolution 1 or 2 nm, current 1 or 2 nA).  Then develop in MIBK:IPA= 1: 3 for 30  
seconds, soak for 30 seconds in IPA, and then blow-dry with N2; 
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Follow the low power descum process to remove any PMMA residue on the alumina   
surface; 
Deposit 30 nm Au by e-beam evaporation; 
Lift off in acetone for about 5 to 10 minutes.  
A.7 Planar gap for tunneling-induced light emission 
Here, the fabrication processes of the samples A, B, C and D in section 6.2 are discussed 
in detail. 
Sample A,  
1. Follow the process from spin coating step in A. 6 to make metal nano metal gratings 
on silicon wafer. The wafer is already pre-patterned with easily accessible electrode 
pattern (gold, without adhesion layer). The pattern design is shown in Figure A.6, 
where the green color block is micro sized metal pattern made with e-beam 
lithography. The blue color grating is the pattern design for e-beam lithography. The 
width of the metal lines can be tuned to get different resonances from the nanogap.  
The patterns are written with different beam dose, and aligned to pre-patterned 
electrode pad using alignment-writing process in Vistec-EBPG5000+ machine.  
 
Figure A.6 Pattern design for planar nanogaps with aligned e-beam lithography.  
2. Use ALD to deposit 3 to 5 nm alumina thin film on the metal gratins.  
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3. Use a cover glass slide to cover the green pattern in the above figure. Deposit a second 
layer of gold (2nd gold) on top the grating and other exposed area by sputtering. This 
is a rough fabrication process. The purpose to use this process is to avoid any 
contamination on the alumina layer during lithography process. 
4. Then cover the whole structure, and only partially expose the second deposited metal, 
and deposit a third metal (3rd gold) with adhesion layer as another electrode. The 
whole device looks like the Figure A.7 below. 
 
Figure A.7 Schematic of Sample A.  
Sample B 
1. Follow the process in A. 6 to make gratings on silicon substrate. 
2. Follow the standard process for S1813, and use Ma6 mask aligner to pattern electrode 
1, with finger shaped patterns (similar to the pattern shown in Figure A.5)).  
3. Follow the process A. 5 from 5) to 7), except that the ALD is done at 250 ºC. 
4. Deposit another gold layer on top the finger shaped patterns by following the process 
for Sample A. 3 to make the second electrode.  
Sample C 
Follow the process for Sample A.1 to make metal gratings on pre-patterned glass 
substrate, except that the pre-patterned electrode has Ti adhesion layer underneath it.  
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Sample D 
Follow the process for Sample A.1 to make metal gratings on pre-patterned silicon 
substrate, except that the gratings are deposited on top of the pre-patterned electrode.  
A.8 Stencil lithography for planar nanogap 
1. The process for fabricating suspended nitride film:  
Define patterns on the front side of a Si3N4 (LPCVD grown 200 nm Si3N4 on both 
sides of silicon wafer) silicon wafer using Canon stepper or e-beam lithography; 
Etch into nitride using the resist as mask (O2Clean for 30 seconds and Nit1 (CF4 40 
sccm, O2 4 sccm, pressure 100mT, power 100 watts) etch for 80 seconds), leave 
around 50 nm thick nitride film in the pattern. Need to cover the backside of the wafer 
with photoresist for protection;  
Remove resist with acetone, methanol, and isopropyl. Coat the front surface with a 
new layer of resist to for protection; 
Do another photolithography on the backside of wafer to define KOH etching window;  
Descum with O2Clean for 30 seconds and etch the exposed Si3N4 exposed from last 
step for using 3 min Nit1 to open the KOH etching window;  
Remove resist with O2Clean on each side of the wafer for 5 minutes;  
Completely remove resist with H2SO4 : H2O2 = 1: 1 on 125 ºC hotplate for 10 minutes; 
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Etch through silicon wafer using 30% concentration KOH saturated with IPA. It is 
better to cut the wafer before KOH etch; otherwise the cutting process might put too 
much force on the suspended film and break it; 
Soak the film in water for half hour to completely remove KOH; 
Set the wafer still for drying in air. Don’t process until the wafer is completely dry; 
On the front side, Nit1 etch for 70 second to etch through the left nitride film to open 
the apertures.  
2. Metal deposition with stencils: 
Apply the stencil mask to the substrate upside down for deposition metal (for planar 
gap: dielectric film coated metal thin film). Fix the mask to sample substrate with tape; 
Deposit metal in CHA. Sputtering is not preferred, due to the deposition to the area 
around the designed pattern area.  
A.9 Form BZT monolayer on gold or silver surface 
The BZT used in this thesis is diluted from BZT, Sigma-Aldrich, with ≥99% purity to a 2 
mM solution with ethanol. Before putting the nanogap sample into the solution, the 
alumina inside the nanogap is first partially removed by BOE etching, which the etching 
rate is around 1 nm / second, with an etching time that allows the depth of etching into 
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the gap close to the width of the nanogap. Then the nanogap samples are soaked in the 
solution for 24 hours to allow forming BZT monolayer on metal top surface and sidewall 
inside the gap. Before measurement, the samples are cleaned with flow ethanol for 2 
minutes to remove excess BZT molecules. The angle of the BZT molecules on metal 
surface might be different depends on the crystalline directions of the metal. For 
simplicity, the angle of the molecules to surface is assumed to be 90º to the surface, both 
on the flat surface and on the sidewall inside of nanogaps.  
A.10 Definition of local and average enhancement factor for SERS 
The averaged enhancement factor is calculated by considering the metal surface area 
defined by the confocal spot size of the lens at particular laser wavelength. The confocal 
spot area plus the metal area within the nanogaps is used to calculate Nsurf. The local EF 
reveals the field enhanced more close to or in the nanogap, by ignoring the molecules 
outside of the nanogap where the electric filed is relatively low. The localized EF is 
calculated using the gap area at the tip of the wedge obtained from SEM. Here, the gap 
width and depth are 2 nm. The diameter of the tip is 20 nm. So the area inside the gap is 2 
nm × 20 nm × 2. In both cases, Igap and Ivol are measured by subtracting background CCD 
counts at 900 cm-1 from the CCD counts of the interested scattering band. 
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Appendix B 
Acronyms 
Table B.1 A list of common acronyms used in the thesis. 
 
Acronym Definition 
AFM	   Atomic Force Microscopy 
ALD Atomic Layer Deposition 
BOE Buffered Oxide Etchant, HF: H2O=1:10 
BZT Benzenethiol 
DEP Dielectrophoresis 
e-beam Electron beam 
FDTD Finite Difference Time Domain 
FIB  Focused Ion Beam 
FP	   Fabry-Pérot 
LSPR Localized Surface Plasmon Resonance 
PDMS Polydimethylsiloxane 
PMMA Polymethyl Methacrylate 
SAM Self Assembled Monolayer 
SHG Second Harmonic Generation 
SEM Scanning Electron Microscopy 
SEIRA Surface Enhanced Infrared Absorption 
SERS Surface Enhanced Raman Scattering  
SP Surface Plasmon 
SPPs Surface Plasmon Polaritons TEM	   Transmission	  Electron	  Microscopy	  
THG Third Harmonic Generation	  
TMA Trimethylaluminum 
 
